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INTRODUCTION

Most of metals, such as copper, manganese 
and iron – often referred to as backbone of indus-
try – are extensively used in various technological 
applications due to their use in high-performance 
catalyst, electrical wiring, galvanization, alloys, 
stainless steel, and superconductors (Tong and 
Tong, 2011). Solar energy, known as photovolta-
ics, requires 11–40 times more copper per unit of 
electricity produced than traditionally deployed 
power generation methods, mainly from fossil fu-
els (Behar et al., 2021; Moreno-Leiva et al., 2020). 

Thus, switching towards solar energy will result in 
a substantial demand for copper. The final global 
copper demand is expected to rise from 24.3 Mt 
recorded in 2015 to 44.4 Mt in 2050 (Klose and 
Pauliuk, 2023). Likewise, manganese and its 
compounds are widely used in various industries 
including metallurgy, batteries, fertilizers, chemi-
cals, pharmaceuticals, and particularly the steel 
industry. The demand for manganese  constitutes 
over 90% of the total manganese consumption 
(Singh and Biswas, 2017). The addition of manga-
nese is aimed to improve the strength, durability, 
and resistance of steel, with common quantities 
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ranging from 0.3 to 0.8% by weight (Kavitha and 
McDermid, 2012; Wang et al., 2023). According 
to the data from US Geological Survey (USGS), 
the total amount of manganese ore around the 
world in 2021 was 1.5 billion metric tons, mostly 
located in areas like Brazil, South Africa, and In-
dia (Cai et al., 2023; He et al., 2021; Wang et al., 
2023). Iron is the most extensively used globally, 
as it is sturdy, cost-effective, and readily avail-
able from natural sources (Khatri et al., 2017). It 
can be molded into diverse shapes and retains its 
structural integrity even under applied force. Iron 
is crucial for human health, most of the iron in the 
human body is found in hemoglobin, a substance 
in red blood cells that transports oxygen all over 
the body (Gupta, 2014).  

Extensive utilization of these metals for di-
verse aforementioned applications is exponen-
tially exhausting the high grades ores and press-
ing much more stress on alternative sources. To 
this end, low grade ores are being explored for 
the beneficiation of metals; however, the great-
est challenge associated with the cost-effective 
metal extraction from low grade ores is still in 
quest. Numerous strategies, including gravity 
separation, magnetic separation, chemical reac-
tivity, flotation and leaching, are employed to ex-
tract metals from low grade ores [9]. In gravity 
separation, crushed ore is mixed with a liquid or 
gas, causing the heavier components to sink first, 
thus permitting valuable materials to become 
more concentrated, which can be easily gathered. 
Equipment like the Falcon gravity concentrator 
and the Condor dense medium separator employ 
gravity-based separation technique to efficiently 
recover valuable metals. However, gravity sepa-
ration, relying on the differences in particle size 
and density between materials, is inappropriate  
for minerals with comparable densities or for 
minerals with extremely small particle sizes (Das 
and Sarkar, 2018; Izerdem and Ergun, 2024). In 
magnetic separation, magnetic minerals such as 
magnetite can be extracted from non-magnetic 
rocks by employing an electromagnetic separa-
tion device. However, the drawback of magnetic 
separation is that it does not work well with non-
magnetic or less magnetic materials like graph-
ite and gold (Hu et al., 2023; Rossi et al., 2014).
Furthermore, secondary quantification techniques 
are required because magnetic separation is not 
a quantitative procedure (Ludwig et al., 2013). 
In chemical reactivity method of mineral recov-
ery, certain chemicals can react differently with 

various minerals and metals in an ore (Rawl-
ings, 2005). For example, cyanide leaching is 
a common technique for recovering gold from 
ore (Aylmore, 2016). However, this method de-
mands bulk quantities of toxic chemicals and 
materials handling is also a significant problem 
(Kaya, 2016). In the flotation process, chemicals 
are employed to make the target minerals water-
repellent, enabling them to cling to air bubbles 
and rise to the surface. However, this method is 
characterized by high consumption of reagents; 
thus, it is more costly than alternative separation 
techniques, and requires high maintenance costs 
which make flotation approach expensive and en-
vironment unfriendly (Falconi et al., 2023; Rao 
and Finch, 1989). In contrast to flotation, leaching 
process employs chemical solutions to dissolve 
and extract valuable metals which can subse-
quently be retrieved from the resulting solutions 
(Ding et al., 2024; Zhu et al., 2024). Leaching 
offers mining companies a sustainable, effective, 
and economical approach, with lower emissions 
compared to furnaces (Cheng et al., 2024; Raza 
and Zafar, 2013). The affordable cost of the heap 
leaching process makes it a financially appealing 
option. Other benefits of this method are that it is 
easy to perform, requires less energy and is po-
tentially less harmful. Many reducing agents are 
used to extract the metals from leached solutions, 
such as coke – having high carbon content –used 
for the extraction of zinc and iron (Geet al., 2024; 
Raza et al., 2015). Many organic extractants like 
ACORGA and Lix are also being used to extract 
metals from leached solutions (Chepushtanova 
et al., 2024). In recent studies, several materials 
have been synthesized for extortion of metals. 
For instance, Ranjbar et al. extracted gold from 
copper anode residue by using a unique process 
involving magnetite nanoparticles (MNPs) (Ran-
jbar et al., 2014). Mattila and colleagues (2014) 
used a practical method to create magnetic co-
balt nanoparticles coated with a thin carbon lay-
er (Co@C NPs) for the extraction of gold ions 
(Mattila et al., 2014). Recently, agriculture and 
biomass based adsorbents (more economical and 
environment friendly) are being used in leached 
solution for metal recovery (Hosseinkhani et 
al., 2023). Recently, magnetic graphene oxide 
(MGO) was synthesized for the extraction of Cr, 
Cu, Zn and Ni (Farooq and Jalees, 2020). This 
material gave higher adsorption results but was 
reusable for four cycles only and rapidly lost its 
efficiency. From several other findings, it was 
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inferred that biomass-modified MGO is a promis-
ing material for the recovery of demanding met-
als nowadays in research due to high adsorption 
capacity, magnetic separation and sustainability. 
However, synthesis of modified MGO follows a 
complex procedure due to interference from co-
existing ions and also its stability is also reduced 
over multiple cycles. 

In this research, MGO-TA/Chi was used as an 
adsorbent to extract manganese, copper, and iron, 
and it showed high adsorption efficiency with the 
ability to be reused effectively. Tannic acid and 
chitosan are plant-derived non-toxic and highly 
functional materials having -COOH, -OH, -NH2 
and C=O groups. These functional materials have 
high selectivity for the recovery of important 
metals like copper, silver, iron, gold and chromi-
um (Krzyzowska et al., 2017; Sharifiaghdam et 
al., 2022).  Furthermore, MGO-TA/Chi has high 
carbon content as well as magnetic properties, 
which make it highly suitable for the extraction 
of metals from low grade ores. The objective of 
this research was to blend graphene with mag-
netic nanoparticles, and then modify their surface 
using tannic acid and chitosan, with the goal of 
improving their capability to extract metal ions 
from leached solution, making it a convenient and 
efficient method. MGO-TA/Chi adsorption poten-
tial was assessed using thermodynamic analysis, 
kinetics, and isotherms. The schematic illustra-
tion of synthesis and application of MGO-TA/Chi 
is given in Figure 1.

MATERIAL AND METHODS 

Chemicals 

Low-grade ore samples were taken from Kha-
wazakhela, Swat, in Khyber Pakhtunkhwa, Paki-
stan, using normal sampling methods as described 
in authors’ previous study (Ali et al., 2025). Brief-
ly, the samples were carefully cleaned, followed 
by crushing using a jaw crusher and grinding using 
a ball mill to achieve an appropriate particle size. 
Afterwards, a steel mortar and pestle were used 
to convert the above ground material into a very 
fine powder as presented in Figure S1 (Appendix) 
(Ali et al., 2025). All the chemicals, including 
tannic acid ≥ 99%, chitosan (≥ 95%), ninhydrin 
powder, graphite powder 99.99%, potassium per-
manganate (lab grade ≥ 98%), sodium hydroxide 
pellets 98%, ferrous sulfate hexahydrate 99.5%, 
ferric chloride hexahydrate (99.99%), sulfuric 
acid (≥ 99.5%), hydrochloric acid (38%), hydro-
gen peroxide (30%), phosphoric acid, ammonia 
solution (34%), and methanol (99.9%), were pur-
chased from Sigma Aldrich, Germany.

Synthesis of graphene oxide

The synthesis of graphene oxide (GO) was 
executed using Hummer’s approach published 
elsewhere (Sajjad et al., 2024; Vanumamalai et 
al., 2025). Briefly, 3 mL of concentrated phos-
phoric acid and 27 mL of hydrochloric acid 
were mixed in a 250 mL beaker and stirred for 

Figure 1. Schematic illustration for the synthesis of MGO-TA/Chi and adsorption of metals from leached 
solution of low-grade ore
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30 minutes. Graphite powder (0.25 g) was then 
added quickly, followed by the gradual addition 
of 1.32 g potassium permanganate. The mixture 
was stirred for 6 hours, resulting in a color change 
from black to dark green. Hydrogen peroxide was 
added dropwise to the above-mentioned solution, 
stirred for 10 minutes and cooled. The supernatant 
was discarded, and the graphene oxide residue 
was washed repeatedly with 0.1 M hydrochloric 
acid and deionized water. Finally, the residue was 
dried for 24 hours at 90 °C.

Synthesis of iron oxide nanoparticles

The iron oxide nanoparticles were synthe-
sized using the co-precipitation method (Ali et 
al., 2024). Briefly, 100 mL of 0.1 M FeSO4⋅7H2O 
and 100 mL of 0.2 M FeCl3⋅6H2O were mixed, 
gently stirred while heating at 80 °C for 40 min-
utes. Then, 20 mL of 0.1 M ammonia solution 
was slowly added to achieve pH 10 to precipitate 
iron oxide nanoparticles. The precipitates were 
filtered, washed with deionized water, and dried 
in an oven at 90 °C for 12 hours and stored in 
glass vials for subsequent analysis.

Synthesis of magnetic graphene oxide

A solution of ferric chloride hexahydrate 
(0.1 M) and a solution of ferrous sulfate hepta-
hydrate (0.05 M), both 100 mL each, were added 
in a round bottom flask followed by the addition 
of the above-mentioned synthesized graphene 
oxide (1 g) and stirred at 90 °C for 40 minutes. 
After adding 20 mL of 0.1 M ammonia solution 
dropwise, magnetic graphene oxide precipitates 
were formed at pH 10, filtered, washed with de-
ionized water, and dried in an oven at 90 °C for 
12 hours (Sajjad et al., 2024).

Preparation of Fe3O4-GO-tannic acid-chitosan 
composite film

Firstly, chitosan solution was prepared by dis-
solving 0.1 g of chitosan in 10 mL of 0.1 M acetic 
acid solution and heating at 90 °C with continu-
ous stirring until the solids completely dissolved. 
Secondly, 0.1 g of tannic acid was dissolved in 
10 mL deionized water and heated at 90 °C with 
constant stirring, until it was fully dissolved. The 
tannic acid solution was then gradually added 
to the chitosan solution, and the mixture was 
stirred while heating at 90 °C for 30 minutes. 

Subsequently, 40 mg of magnetic graphene oxide 
was introduced into the above-mentioned solu-
tion and mixed for another 30 minutes under the 
same conditions. The resulting Fe3O4-GO-tannic 
acid-chitosan solution was spread as a thin layer 
in a petri dish and allowed to cool at room tem-
perature. Finally, the Fe3O4-GO -TA/Chi compos-
ite was dried for 48 hours in an oven at 60 °C, and 
the resulting thin film was peeled off and cut into 
pieces using a puncher.

Leaching and adsorption process

The leaching experiments were carried out in 
a 100 ml glass beaker. A magnetic stirrer was used 
to mix the solutions, ensuring consistent mixing 
and mass transfer during the kinetic tests. A stan-
dard experiment involved adding 2 g low grade 
ore powder into the beaker along with the selected 
acid volume (0.25 M H2SO4 and 30% H2O2). The 
magnetic stirrer was set to a constant speed of 
300 rpm for all tests. After the leaching process, 
pregnant leach solution (PLS) was filtered using a 
membrane filter paper (pore size 0.45 μm, diam. 
47 mm) under ambient conditions. The PLS vol-
ume was then diluted to 100 ml by adding deion-
ized water and stored in a beaker for adsorption 
of Cu+2, Mn+2 and Fe+2 by the above-mentioned 
synthesized adsorbent (MGO-TA/Chi). The pH of 
the leached solution was maintained using 0.25 M 
NaOH. After that, 1 g of MGO-TA/Chi was added 
to 100 mL leached solution and placed on shaker 
for 1hour. Afterwards, MGO-TA/Chi loaded with 
metals was separated by applying external mag-
netic field and adsorbed metal ions were eluted 
using 0.1 M HNO3 and were analyzed using 
atomic absorption spectrophotometer. 

Characterization

Various analytical techniques were employed 
to characterize the MGO-TA/Chi composite. The 
spectrophotometric studies were performed us-
ing Shimadzu UV1800 ENG 240 V, SOFT P/N 
206–25400-58. The functionalities present in 
MGO-TA/Chi were determined by using FTIR 
(CHNO/S 2400 from PerkinElmer, USA). An 
atomic absorption spectrophotometer (AAS, Au-
rora Biomed ICR8000) was employed to quan-
tify Cu+2, Mn+2 and Fe+2 in leached solution using 
a hollow cathode lamp as an excitation source 
and fuel-air ratio of 2:10 L min-1. Morphologi-
cal and elemental details of the MGO-TA/Chi 
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and low-grade ore were obtained using a scan-
ning electron microscope equipped with ener-
gy-dispersive X-ray spectroscopy (SEM-EDX, 
SEM; JOEL; Japan) and Evo LS 10 Zeiss Ger-
many. The phase angle of the synthesized mate-
rial was characterized by an X-ray diffractometer 
(XRD, Bruker D8) for more precise identification 
and quantification of material phases. XRD was 
scanned at 2θ from 4 to 80°, with Cu kα radiation.

RESULTS AND DISCUSSION

FTIR analysis

The FTIR analysis revealed the functional 
groups present in the adsorbent materials. The 
FTIR spectrum of graphene oxide (GO) showed 
a broad peak in the 3600–3300 cm-1 region, in-
dicating the presence of hydroxyl and carboxylic 
groups. Other peaks at 1620, 1390, and 1025 cm-1 
were attributed to C=O, C-H, and C-O, respec-
tively, as given in Figure 2a. The FTIR spectrum 
of magnetized graphene oxide (MGO) exhibited 
a prominent peak at 3550 cm-1, suggesting the 
presence of hydroxyl groups from carboxylic 
functional groups, and a peak around 1690 cm-1 
indicating the C=O of carboxylic groups. Addi-
tional peaks at 1568, 1434, 1020, and 580 cm-1 
were assigned to C=C, C-H, C-O, and Fe-O, re-
spectively, see Figure 2b. The strong peak at 580 
cm-1 confirmed the presence of Fe-O coating on 
the GO. The FTIR spectrum of the MGO-TA/Chi 

composite in Figure 2c showed similar peaks to 
its individual components, with additional ab-
sorption bands at around 2921 and 2877 cm-1 at-
tributed to the C-H symmetric and asymmetric 
stretching of chitosan.

Microscopic and EDX analysis

The scanning electron microscope (SEM) 
was employed to study the surface characteristics 
of MGO and TA/Chi-MGO and low-grade ore 
particles. The SEM images (Figure 3a and b) of 
the MGO and MGO-TA/Chi samples showed ag-
glomerated structure that resembled elongated or 
irregularly shaped particles, which is common in 
graphene-based nanomaterials. Furthermore, par-
ticles with irregular shapes and diverse sizes were 
also observed. The SEM image (Figure S2a) dis-
play the uneven distribution of irregularly shaped 
low-grade ore particles with bar scale of 1 µm (Ali 
et al., 2025). Furthermore, bar scale of 1 µm in 
SEM image indicates agglomeration of graphene 
based magnetic nanoparticles.

EDX, being a widely used analytical tech-
nique for elemental analysis, was selected to de-
termine the chemical composition of the MGO 
and MGO-TA/Chi (Figure 3c and d). The spec-
trum confirmed the presence of carbon as a ma-
jor element (63%) incorporated by graphene ox-
ide and iron particles. Oxygen, nitrogen, and sil-
icon were detected with the percentage values of 
29, 3, and 5%, respectively. The EDX spectrum 
of the low-grade copper ore sample shows the 

Figure 2. FT-IR analysis of GO (a), MGO (b) and MGO- TA/Chi (c) 
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elemental composition, as illustrated in Figure 
S2b (Appendix). Additionally, Table S1 (Appen-
dix) displays the semi-quantitative data of the 
chemical components present in the low-grade 
ore sample (Ali et al., 2025).

X-ray diffraction studies

The crystalline structure of MGO and MGO-
TA/Chi materials was determined using X-ray 
diffraction analysis, as displayed in Figure 4a 
and 4b. The diffraction patterns observed in the 
range of 10° to 80° (at angles such as 10°, 30°, 
35°, 43.5°, 53.6°, and 63°) corresponded to the 
crystalline planes (0 0 2), (101), (2 2 0), (3 1 1), 
(4 0 0), (4 2 2), and (4 4 0), respectively, which 
matches the typical XRD data for the spinel struc-
ture of Fe3O4 (JCPDS 19–0629) and magnetic 
graphene oxide nanoparticle spectrum (Sajjad et 
al., 2024). Meanwhile, the XRD pattern of MGO-
TA/Chi (Figure 4b) is similar to MGO (Figure 4a) 
spectrum with low signal intensity. The strength 
of the signals or peaks declines when moving 
from MGO to MGO-TA/Chi, suggesting that 
tannic acid and chitosan have covered the MGO 
surface. The amorphous nature of the composite 
suggests the increased adsorption capability of 
the adsorbent. The XRD pattern of  low-grade ore 
confirmed the presence of chalcopyrite (CODB 
No. 2104753) as the dominant Cu and Fe-bearing 

mineral phases and it was already presented in au-
thors’ previous study (Ali et al., 2025). The peaks 
around 30°, 35°, 50°, 53.6° and 58°corresponded 
to Cu and Fe species in chalcopyrite. The sig-
nals of Mn were obscured by Fe due to its low 
concentration.

Magnetic study 

The magnetic characteristics of GO, MGO, 
and MGO- TA/Chi composite was examined us-
ing vibrating sample magnetometer VSM, and the 
findings are displayed in Figure 5 (a–c). Due to 
their nonmagnetic composition, GO without any 
coatings or alterations revealed the zero-magne-
tization value (Figure 5a). Notably, the overall 
magnetization value of GO is increased from zero 
to 0.6 emu/g due to its binding with iron oxide 
which is magnetic material (Figure 5b). After the 
addition of Chi and TA, it was found that the mag-
netization of MGO had significantly decreased 
0.23 emu/g (Figure 5c). Magnetic characteristics 
of MGO were greatly diminished after the addi-
tion of various non-magnetic layers such as tan-
nic acid and chitosan but the MGO- TA/Chi com-
posite was still sufficiently magnetic and respon-
sive to external magnetic field and this response 
significantly helped in separation of metals from 
the aqueous solution containing metals. 

Figure 3. SEM images and EDX spectrum of MGO (a, c) and MGO-TA/Chi (b, d)
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Adsorption isotherm of MGO-TA/Chi 

Understanding adsorption isotherms is es-
sential for knowing how adsorption process of 
targets on a specific adsorbent works. These 
isotherms give key information about how ad-
sorbate molecules are distributed between the 
solid and liquid phases. Different isotherms 
can be used to describe the adsorption of heavy 
metals on various adsorbents. Figure 6 shows 
the Langmuir and Freundlich isotherm plots for 
the adsorption of heavy metals using the tannic 
acid and chitosan-modified magnetic graphene 
oxide nanocomposite (MGO-TA/Chi). Table 1 
summarizes the Langmuir and Freundlich con-
stants for adsorption of heavy metals through 
MGO-TA/Chi.

The Langmuir adsorption capacities of MGO-
TA/Chi for copper (Cu2+), manganese (Mn2+), and 

iron (Fe2+) were 90.17 mg g-1, 87.23 mg g-1 and 
85.24 mg g-1, respectively. This shows that the 
adsorption of these metal ions onto MGO-TA/
Chi occurs in a single layer on the surface. The 
“RL” separation factor calculated using the Lang-
muir constant and initial metal ion concentration 
helps understand the strength of the interaction 
between the adsorbate and adsorbent. When RL 
is less than 1, it means the adsorption is favor-
able (Ali et al., 2023). For copper, manganese, 
and iron, the RL values were between 0 and 1, 
showing that the adsorption of these metals on 
MGO-TA/Chi is favorable.

The Freundlich adsorption capacities for 
copper, manganese, and iron were 117.10 mg g-1, 
73.30 mg g-1, and 70.20 mg g-1, respectively. The 
Freundlich model supports the idea that adsorp-
tion happens on an adsorbent surface with differ-
ent types of sites. 

Figure 4. XRD pattern of MGO (a), MGO-TA/Chi (b)

Figure 5. Magnetization values of GO, MGO, MGO-TA/Chi (a) and images (b and c) of nanocomposite showing 
attraction towards magnet
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In conclusion, MGO-TA/Chi efficiently ad-
sorbs Cu, Mn and Fe ions, and both Langmuir 
and Freundlich models show that it works well 
for removing these heavy metals from water.

Kinetic study

Kinetic-based models, such as pseudo-first-
order (PFO) and pseudo-second-order (PSO), 
were applied to explore the adsorption mecha-
nisms and the steps limiting adsorption rates. 
Various kinetic models, both linear and non-
linear with differing degrees of complexity are 
commonly used. Non-linear modeling is con-
sidered superior to linear modeling, because it 
provides more realistic kinetic parameters (Ali 
et al., 2023). Additionally, it allows for the as-
sessment of all models, offering a more accurate 
comparison to determine which model best re-
flects a specific kinetic dataset. By using non-
linear modeling, the discontinuity of models and 
the determination of parameters before optimum 
time for adsorption can be minimized.

The low value of χ², the high value of R², 
and the correlation of experimental qe values to 
the calculated qe values indicate the best fitting 
of a kinetic model for adsorption studies (Hayat 

et al., 2022; Hayat et al., 2025). A non-linear ap-
proach using both PFO and PSO models was ap-
plied to analyze the kinetic data (Figure 7). 

For copper, the non-linear PSO model showed 
a high R² value of 0.995 and a low χ² value of 
0.108, with the calculated qe value close to the ex-
perimental value of 89.31 mg g-1. Manganese fol-
lowed a similar trend, with an R² value of 0.993 
and χ² of 0.153, yielding a qe of 87.71 mg g-1. The 
PSO model also provided excellent fitting for iron 
with an R² of 0.996, a χ² of 1.39, and a qe value 
of 85.44 mg g-1 as given in Table 2. These results 
further confirm that Cu, Mn and Fe ion’s adsorp-
tion on MGO-TA/Chi follows a pseudo-second-
order kinetic model, indicating a chemosorption 
process with strong ionic interactions between the 
metal ions and the adsorbent.

Effect of pH on adsorption of metal ions

The pH of the aqueous medium influences 
both the ionic state of the functional groups on 
the adsorbent surface and the metal ions pres-
ent in the leached solution. The adsorption of 
Cu+2, Mn+2 and Fe+2 on the surface of MGO-TA/
Chi was investigated at different pH levels rang-
ing from 2.0 to 8.0, as given in Figure 8. The 

Figure 6. Langmuir isotherm (a) Freundlich isotherm (b) for extraction of Cu2+, Mn2+, and Fe2+ by MGO-TA/Chi

Table 1. Adsorption kinetic parameters obtained using non-linear Langmuir and Freundlich models for, Cu+2, Mn+2 

and Fe+2metal ions on MGO-TA/Chi
Sr. No. Langmuir Freundlich

Non-Linear modeling qexp(mg/g) qm(mg/g) KL(L mol−1) R2 qm(mg/g) N R2

Copper 90 90.17 0.020 0.992 117.10 1.70 0.975

Manganese 88 87.23 0.027 0.990 73.30 1.68 0.956

Iron 86 85.24 0.023 0.991 70.20 1.79 0.961
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adsorption investigation was carried out using 1g 
of adsorbent, a contact time of 35 minutes, and 
an initial metal concentration of 150 mg/L. 

The observed increasing trend in adsorption 
rates of Cu²⁺, Mn²⁺, and Fe²⁺ ions with increasing 
pH levels can be attributed to changes in both the 
adsorbent surface charge and the availability of 

functional groups for electrostatic interactions. 
At low pH levels (pH < 2.0), the high concentra-
tion of hydrogen ions (H⁺) leads to protonation of 
the adsorbent surface and its functional groups, 
resulting in a positively charged adsorbent sur-
face. This positive charge creates electrostatic 
repulsion between the adsorbent and the metal 

Figure 7. Kinetic modeling for extraction of Cu2+, Mn2+, and Fe2+ by using MGO-TA/Chi

Table 2. Adsorption kinetic parameters obtained using the pseudo-first order and pseudo-second-
order models for Cu+2, Mn+2 and Fe+2 metal ions on MGO-TA/Chi 

Sr. No. Pseudo-1st order Pseudo-2nd order

Non-Linear modeling R2 χ2 qe (mg/g) R2 χ2 qe(mg/g)

Copper 0.985 2.30 69.50 0.995 0.108 89.31

Manganese 0.987 1.98 64.70 0.993 0.153 87.71

Iron 0.979 2.2 65.96 0.996 1.39 85.44

Figure 8. Effect of pH on the uptake of Cu2+, Mn2+, and Fe2+ using MGO-TA/Chi 
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cations (Cu²⁺, Mn²⁺, Fe²⁺), thereby hindering ef-
fective adsorption. However, as the solution pH 
increases, the concentration of H⁺ decreases, 
leading to deprotonation of the adsorbent’s func-
tional groups, a net negative charge is created on 
the adsorbent surface, enhancing electrostatic 
attraction between the negatively charged ad-
sorbent surface and the positively charged metal 
cations (Zenasni et al., 2012). Similarly, higher 
pH values make heavy metal ions generate in-
soluble hydroxide precipitates (such as Cu(OH)2, 
Fe(OH)2, and Mn(OH)2), which are found in 
many metals such as Cu²⁺, Mn²⁺, and Fe²⁺. As a 
result, there are less free metal ions in solution 
accessible for adsorption onto the MGO-TA/Chi 
surface, which lowers process efficiency. Conse-
quently, the adsorption capacity for these target 
metal ions is significantly increased, from 20 to 
25%, as the pH range shifts from 4.0 to 5.0 and 
decreased 13 to 15% when moving from 5 to 8.

AAS analysis

After leaching, the concentrations of Cu²⁺, 
Mn²⁺, and Fe²⁺ in the PLS were determined using 
AAS, yielding values of 13.01 mg/L, 17.1 mg/L, 
and 623.24 mg/L, respectively. Notably, due to 
the high concentration of iron, the Fe²⁺ solution 
required a 1:100 dilution prior to measurement 
so after dilution Fe concentration was 6.23mg/L. 
Subsequently, the MGO-TA/Chi nanocomposite 
was employed to extract these metal ions from 
the PLS. When 0.5 g of the nanocomposite was 
mixed with 50 mL of the sample and agitated for 
2 hours, it achieved adsorption efficiencies of 
90.17% for Cu²⁺, 87.23% for Mn²⁺, and 85.24% 
for Fe²⁺ ions given in Figure 9.

These findings underscore the efficacy of the 
nanocomposite in adsorbing appreciable amounts 
of metal ions from the PLS. However, the ob-
served extraction rates are slightly lower com-
pared to those obtained with synthetic solutions 

Figure 9. Calibration curves for Cu (a), Mn, (b) and Fe (c) using AAS
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(Zou et al., 2024). This discrepancy is likely at-
tributed to the presence of competing ions in the 
natural ore sample, which can interfere with the 
adsorption process. These observations align with 
the current findings, suggesting that while the 
MGO-TA/Chi nanocomposite is effective, its per-
formance can be impacted by the complex com-
position of natural leach solutions.

Regeneration study

To enhance the efficiency and cost-effective-
ness of the adsorption process, researchers focus 
on regenerating adsorbents through desorption 
techniques. This procedure allows for the recov-
ery of the adsorbate, reduces the need for new 
adsorbents, stabilizes the adsorbents, and pro-
vides insights into the reversibility of the adsorp-
tion process. In the case of regenerating modi-
fied magnetic graphene oxide nanocomposites, 
dilute solutions of nitric acid (HNO₃) or hydro-
chloric acid (HCl) are commonly used (Wani et 
al., 2024). The hydronium ions from these acids 
compete with the adsorbed metal ions for the ac-
tive sites, effectively displacing the metal ions 
and clearing the active sites for reuse in future 
adsorption cycles. For the current study, 0.1 M 

HNO₃ was used to facilitate the desorption of 
adsorbed metal ions, explicitly targeting Cu²⁺, 
Mn²⁺, and Fe²⁺ from modified magnetic graphene 
oxide nanocomposites.

In the regeneration process, 0.7 g of the dried 
modified MGO-TA/Chi nanocomposite was add-
ed to 50 mL of a metal ion solution (140 mg/L of 
Cu²⁺, Mn²⁺, and Fe²⁺). The mixture was stirred at 
100 rpm for 1 hour to reach adsorption equilibri-
um. Afterwards, the metal-loaded nanocomposite 
was submerged in 0.1 M HNO₃ for 2 hours while 
being stirred to ensure the thorough desorption of 
the metal ions from the nanocomposite surface. 
The desorption efficiency for Cu, Mn and Fe was 
evaluated over five cycles to determine the stabil-
ity and reusability of the modified magnetic gra-
phene oxide nanocomposite and given in Table 3.

Comparative study 

To increase the adsorption of metals, several 
adsorbents have been synthesized. Out of these 
synthesized adsorbents magnetic graphene oxides 
(MGO) based adsorbents gave remarkable good 
results as compared to traditionally designed 
materials. In this study, a novel tannic acid and 
chitosan coated MGO material was synthesized 

Table 3. Regeneration study of MGO-TA/Chi by calculating desorption efficiency
Desorption efficiency (%) of MGO-TA/Chi

No. Cu2+ Mn+2 Fe+2

1 93.89 91.17 93.61

2 89.81 88.75 91.65

3 87.11 86.50 88.60

4 85.20 84.67 86.34

5 83.56 83.70 85.98

Table 4. Adsorption comparison of MGO-TA/Chi as compare to previously synthesized MGO materials

Serial No. Modified MGO 
nanomaterial Type of water sample Adsorption efficiency (%) Ref

1 (MGO) synthesized via 
co-precipitation Synthetic water sample Ni²⁺: 85%, Zn²⁺: 88%, Cu²⁺: 87% (Farooq and 

Jalees, 2020)
2 (MGO) Synthetic water sample Cu²⁺: 80%, Pb²⁺: 85%, Cd²⁺: 75% (Hur et al., 2015)

3 NiFe3O₄/Graphene 
Oxide Nanocomposite Synthetic water sample Cr³⁺: 89% (Gao et al., 2011)

4 Graphene Oxide with 
dual magnetic behavior Synthetic water sample Cu²⁺: 85%, Pb²⁺: 88% (Melchor-Durán et 

al., 2024)

5 Organo-functionalized 
MGO Environmental water sample Ni²⁺: 82%, Cd²⁺: 78% (Sherlala et al., 

2018)

6 MGO with amino 
functionalization Pharmaceutical effluent Pb²⁺: 89%, Ni²⁺: 87%, Cr⁶⁺: 85% (Gopalakrishnan, 

et al., 2015)

7 This work Pregnant Leached Solution Cu²⁺: 90.17% Mn²⁺: 87.23% Fe²⁺: 
85.24%
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and used as adsorbent in PLS. This MGO-TA/Chi 
gave excellent adsorption as compare of previous 
synthesized MGO based materials. The compara-
tive study is given in Table 4.

CONCLUSIONS

In this study, a novel modified magnetic gra-
phene oxide composite (MGO-TA/Chi) was suc-
cessfully developed and utilized for the efficient 
extraction of copper, manganese, and iron from a 
pregnant leached solution of low-grade ore. The 
structural and chemical properties of the material 
were thoroughly characterized using FT-IR, SEM, 
EDX, and VSM, while metal removal efficiency 
was quantified through AAS and UV-vis spectro-
photometry. MGO-TA/Chi demonstrated remark-
able adsorption capacities, achieving 90.17% re-
moval of Cu²⁺ (13.01 mg g⁻¹), 87.23% removal 
of Mn²⁺ (17.01 mg g⁻¹), and 85.24% removal of 
Fe²⁺ (6.23 mg g⁻¹ after 100 times dilution). The 
adsorption process followed the Langmuir iso-
therm model, while the kinetics aligned with a 
pseudo-second order rate equation, indicating a 
chemisorption-dominated mechanism. Moreover, 
the adsorbent exhibited excellent reusability for 
five consecutive cycles, as metal ions could be 
fully recovered using a 0.1 M HNO₃ solution. 
These findings confirm that MGO-TA/Chi is an 
effective, reusable, and eco-friendly adsorbent for 
metal extraction from low-grade ore solutions, 
making it a promising candidate for sustainable 
wastewater treatment and resource recovery.
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