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Sustainable and natural-based materials with high stability and efficiency for water pollutant removal are vital
for advancing sustainable water treatment technologies. This study investigates the use of chalcopyrite
mineral nanoparticles (CP NPs), derived from natural and sustainable sources, as efficient, recyclable, and
scalable adsorbents for the removal of organic dyes from aqueous solutions. The CP nanoparticles have
been thoroughly characterized using spectroscopic and microscopic techniques to determine their size,
shape, elemental composition, and the oxidation states of the constituent elements. Due to their high
surface area, unique electronic properties, and structural stability, chalcopyrite nanoparticles demonstrate
promising potential in capturing and eliminating various dye pollutants from water. The BET analysis of CP
NPs reveals a high surface area of 4.5 m? g~ with mesoporous structures and varying pore sizes (1.57—
112.58 nm). We explored adsorption efficiencies using methylene blue dye, concentrations, and environmen-
tal conditions, showing that CP NPs offer high dye removal rates and rapid adsorption kinetics. Under the
optimized conditions, a maximum removal efficiency of 99% was achieved using a pH of 8, a contact time
of 40 minutes, a dye concentration of 10 mg L™, and an adsorbent dosage of 0.05 g/100 mL. The experi-
mental data aligned most closely with the Freundlich isotherm model (R? = 0.991), suggesting that the
adsorption occurred on a non-uniform, multilayered surface. The mechanism of the adsorption was
elaborated. This work highlights the natural-based nanoparticles’ applicability as cost-effective and
sustainable adsorbents for water purification, advancing solutions to manage industrial dye pollutants and
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1. Introduction

Adsorption holds significant importance due to its wide-
ranging applications in various fields such as environmental
remediation, chemical processing, and healthcare.’™ In the
context of water purification, adsorption plays a crucial role in
removing contaminants and pollutants from aqueous solutions,
making water safe for consumption and other purposes. Adsorption
plays a vital role in water purification by effectively removing
a broad spectrum of contaminants, including organic com-
pounds, heavy metals, and pathogens.* Adsorption is an easy
and effective approach for water treatment because adsorbents,
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improve water quality in environmental systems.

such as activated carbon, have unique surface characteristics
that allow them to selectively attract and retain pollutants
through physical and chemical interactions. Additionally,
adsorption offers advantages such as simplicity, scalability,
and cost-effectiveness compared to other techniques like filtra-
tion or chemical precipitation, and the use of abundant, renew-
able adsorbent materials enhances the sustainability of water
purification processes.’

Using natural-based materials for adsorption offers numer-
ous advantages over synthesized alternatives, including cost-
effectiveness, sustainability, scalability, and affordability.®”
Natural adsorbents are often more economical due to their
abundant and renewable sources, significantly reducing pro-
duction costs.®** Their scalability allows them to be sourced in
large quantities, suitable for various adsorption applications
from household filters to municipal treatment plants.">™°
Furthermore, natural adsorbents are generally safer than
synthesized materials, posing fewer risks to both the environ-
ment and human health. It is highly important to develop cost-
effective, stable, and reliable materials to drive progress in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A scheme showing chalcopyrite hanoparticle preparation and use for removing organic dyes.

critical areas such as adsorption, catalysis,"”

applications.?*™

Chalcopyrite, a crucial mineral in both economic and geologi-
cal contexts, serves as the primary source of copper, comprising
copper, iron, and sulfur (CuFeS,). Geologically, chalcopyrite forms
in diverse settings including hydrothermal veins, contact meta-
morphic deposits, and within igneous rocks. Frequently found
alongside other sulfide minerals such as pyrite and sphalerite, its
distinctive brassy yellow hue and metallic sheen make it easily
identifiable. Chalcopyrite remains indispensable in both indus-
trial applications and mineralogical interest.

In this study, we have synthesized a nanoscale powder of
chalcopyrite (CP NPs), a mineral that is abundant in the Earth’s
crust, using a top-down milling approach. The resulting CP
NPs will be explored as an adsorbent material for the removal
of organic dyes, particularly methylene blue (MB). Chalcopyrite
was chosen as an adsorbent because of its remarkable effi-
ciency in removing dye, which makes it highly effective for
tackling water contamination issues. Moreover, it is a low-cost,
widely available, and abundant mineral, making it a cost-
effective choice for large-scale applications. These characteris-
tics, along with its adaptability for functional modifications to
improve adsorption capabilities, underscore its potential as an
ideal material for dye adsorption. This investigation will focus
on understanding the kinetics and thermodynamic properties
associated with the adsorption process. Scheme 1 illustrates the
preparation process of CP NPs and their potential applications.

and sensing

2. Experimental section
2.1 Chemicals

All materials and solvents were of analytical grade and used without
purification. Sodium hydroxide (NaOH, 99%) and hydrochloric acid
37% were purchased from Roth (Karlsruhe, Germany). Methylene
blue (MB) was bought from Sigma-Aldrich (Germany). Ultrapure
water was prepared with a Millipore system (18.2 MQ cm).

2.2 Instrumentation and characterization

Field emission scanning electron microscopy (FESEM) was
employed to see the particles and measure the size, shape and

© 2025 The Author(s). Published by the Royal Society of Chemistry

morphology of the CP NPs. Energy dispersive spectrum and
mapping (EDS) were used for elemental analysis and distribu-
tion using MIRA III (TESCAN, Czech). Transmission electron
microscopy (TEM) was used to further measure the size and
shape of the particles (TEC9G20, FEI, USA) at 200 KV. A powder
X-ray diffractometer (PW1730, Netherlands) was used to deter-
mine the crystal structure of the CP NPs. Fourier transform
infrared spectra (FT-IR) were measured (IRAFFinity-1, Shimadzu).
Absorbance spectra were conducted on a Lamda 25 spectrophot-
ometer (PerkinElmer, USA).

2.3 Mineral collection and fabrication of CP nanoparticles

The chalcopyrite mineral was sourced from Bulfat Mountain in
the Kurdistan region of Iraq, specifically from a skarn-type
chalcopyrite deposit within the Bulfat Igneous Complex geological
formation. The rocks from this deposit were extracted using basic
equipment and transported to the laboratory for the production of
nanosized materials using a milling machine. The synthesis
of chalcopyrite nanoparticles (CP NPs) was achieved through a
top-down approach, employing a high-energy milling process.
Specifically, the pulverization was conducted using a Fritsch
Pulverizer 9, a reliable and precise instrument for nanoparticle
production. The milling conditions were optimized to ensure
uniform particle size and consistent quality, with the machine
set to operate for 10 minutes at a speed of 800 revolutions per
minute. A stainless steel 1.4125 grinding set was utilized during
the process to maintain structural integrity and prevent contam-
ination, resulting in high-purity CP nanoparticles suitable for
advanced applications.

2.4 Adsorption experiment

In a typical batch adsorption experiment for MB adsorption, a
known amount of adsorbent, CP NPs, is weighed and added to a
series of flasks containing varying concentrations of MB solution.
The flasks are securely closed and subjected to agitation at a
consistent temperature (commonly 298 K) using a shaker set at a
specific speed to maintain thorough mixing. At regular intervals,
aliquots are taken from the solution, and the concentration of
MB is analyzed using a UV-vis spectrophotometer at its character-
istic peak absorption wavelength (approximately 664 nm).

Mater. Adv,, 2025, 6, 2192-2201 | 2193
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The adsorption of MB onto the adsorbent is quantified by
comparing the initial and remaining concentrations of MB in
the solution. The adsorption capacity at various time intervals is
then calculated. This process is typically carried out over a defined
duration to determine the equilibrium adsorption capacity (g.)
and to evaluate how parameters such as initial MB concentration,
pH levels, temperature, contact time, and adsorbent dosage
influence the adsorption behavior.

The maximum adsorption capacity (¢.) can be calculated by
using eqn (1) and percentage removal was calculated using
eqn (2) as follows;

ge = ((C; — C) x V)/m

View Article Online

Paper

% removal = ((C; — C¢))/C; x 100

2)

where C; is the initial concentration (ppm) of MB, C; is the
equilibrium concentration (ppm) of MB, V is the volume (L) of
MB solution, m is the mass (kg) of adsorbate.

3. Results and discussion

3.1. Characterization of the NPs

The size, shape, morphology and elemental composition of the
nano-sized CP particles were investigated using FESEM, TEM,
and EDS analysis, as shown in Fig. 1. The CP particles,
as shown in FESEM in Fig. 1A, range from 5 nm to 500 nm.
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Fig. 1

(A) FE-SEM images of the CP mineralzyme. (B) TEM images of the CP mineralzyme. (C)—(F) EDS mapping of the CP mineralzyme. (G) XPS spectrum

survey of the CP mineralzyme. (H) Fe 2p. (I) Cu 2p. (J) S 2p. (K) BET isotherm of the CP mineralzyme.
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The TEM image shows clearly the formation of small particles
5 nm, with the presence of aggregated particles as well (Fig. 1B).
EDS mapping results (Fig. 1C-F) show the good distribution of
the element throughout the particles.

The elemental composition and oxidation states of the CP
nanomaterials were further verified using XPS analysis. As
shown in Fig. 1G, four peaks could be observed by scanning
the XPS spectrum of the CP mineralzyme, which were attrib-
uted to S 2p (169.08 eV), Fe 2p;, (712.08 eV), Fe 2py, (725.1 eV),
and Cu 2p3;, (933 eV), and Cu 2py;, (954 eV). In the high
resolution XPS spectrum of Fe 2p shown in Fig. 1H, the peaks
located at 711.2 eV and 724.8 €V are attributed to ferrous (Fe*"),
and the peaks at 713.5 and 725.1 eV are attributed to ferric ions
(Fe*").?® Regarding the resolved spectra of copper peak (Fig. 1I),
the peaks at 936.4 and 956.7 eV correspond to Cu* 2p;,, and Cu*
2p12, respectively,”” whereas the peaks at 933.2 and 953.0 eV
correspond to Cu®" 2p;,, and Cu®" 2py,,, respectively.”®*°

It’s important to note that the presence of Cu®" typically
leads to the emergence of a satellite peak at approximately
942 eV; usually, these satellite lines belong to cupric oxide
Cu()0.?**" One broad peak around 941-945 eV and centered at
942 eV was seen. The occurrence of the satellite lines of Cu-2p
most probably indicates the reactions of Cu’ with moisture
during exposure to ambient air affecting only the top layers.
This is further evidence that Cu®* is present in this structure of
chalcopyrite. From here, we can confirm the presence of the
two valence forms of copper ions, cuprous and cupric in
chalcopyrite. The co-occurrence of different sulfur forms, $*7,
S,>7, and S,>, can be observed in the resolved sprat of S, as
shown in Fig. 1], and the peaks at 167.7 eV, 168.2 eV and
169.3 eV are ascribed to $>7, S,>7, and S,,>~, respectively.*?

3.2. Nitrogen adsorption desorption isotherm

The Brunauer-Emmett-Teller (BET) technique was used to
investigate the porosity, specific surface area, and average pore
size and diameter of the CP NPs. The sample specific surface
area, volume and average diameter of the pores were analyzed
using the BET technique. Depending on the IUPAC category
with a hysteresis loop at relative pressure (P/P,) between 0.3 and
1.0 shown in Fig. 1K, the nitrogen adsorption desorption of CP
NPs can be classified as type IV, which indicates the presence of
mesopore structures of the prepared CP NPs.

Regarding porosity and surface area, nitrogen adsorption—
desorption isotherms were performed (Fig. 1K). The significant
adsorption increase at high P/P, values suggests the presence of
larger mesopores or macropores, enhancing the material’s
potential for applications in catalysis, adsorption, or gas sto-
rage due to their high surface area and accessible pore
structure.®® The calculated total surface area was 4.5 m”> g~ .
The pore size calculation, based on the desorption isotherm
data and using Barrett-Joyner-Halenda (BJH) pore size analysis,
reveals a range of pore diameters within the material. At higher
relative pressures, such as P/P, = 0.9831, the pore diameter is
approximately 112.58 nm, indicating the presence of larger meso-
pores. As the relative pressure decreases, smaller pore diameters
are observed, reaching around 1.57 nm at P/P, = 0.2952.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This variation in pore size suggests that the material has a mix of
larger and smaller mesopores, potentially influencing its suitability
for applications like catalysis or separation, where diverse pore
structures may enhance performance.

3.3. Optimizations

Optimization is a highly necessary step in every analytical process
as it enhances the sensitivity, and accuracy of the analysis method
under various conditions. By refining the parameters, it enables
the system to achieve its best performance while accommodating
real-world complexities and sample diversity.

3.3.1. Effect of pH. The adsorption capacity of an adsorbent is
strongly influenced by the pH value, as it significantly impacts both
the surface properties of the adsorbent and the structure of the
adsorbate. Fig. 2A and B show the impact of pH on both the
capacity and efficiency of MB removal. The adsorption capacity of
MB on the CP mineral is optimal between pH 2 and 10 due to the
favorable interaction conditions within this range. The surface
charge of CP and the ionization state of MB contribute to effective
adsorption, with the dye remaining positively charged and the
mineral surface conditions supporting this interaction. Additionally,
extreme pH levels could lead to solubility or precipitation issues,
reducing adsorption. Therefore, the pH range of 2 to 10 provides a
stable environment that enhances the adsorption process.**

3.3.2. Effect of initial concentration. Regarding the initial
concentration, Fig. 2C and D demonstrate the impact of
different initial MB concentrations on the adsorption capacity
of the CP NPs. It is evident that both adsorption capacity and
removal efficiency rise with increasing MB concentration. This
occurs because an increased concentration forms a larger
concentration gradient between the adsorbate in the solution
and the adsorbent surface, promoting the movement of mole-
cules to the adsorbent. As a result, more adsorbate is removed
from the solution, and the adsorption capacity may increase.

3.3.3. Effect of contact time. One crucial factor in wastewater
treatment for pollutant removal is the determination of the contact
time between the adsorbate and adsorbent. Fig. 2E and D illustrate
how the adsorption capacity of MB onto CP NPs and the dye removal
efficiency vary over time. It was observed that the adsorption capacity
and dye removal efficiency increased significantly during the first
10 minutes of contact reaching 1.8 mg g~ and 90%, respectively,
and then continued to rise gradually until equilibrium was achieved
at 40 minutes. Between 10 and 40 minutes, the increase was only
about 10%, which is relatively small. Therefore, the majority of the
dye is removed within the first 10 minutes, highlighting the rapid
adsorption process of CP NPs.

3.3.4. Effect of temperature. The influence of temperature
on the adsorption capacity of CP NPs and the removal of MB
was investigated across temperatures ranging from 30 °C to
65 °C (Fig. 2G and H). The temperature study shows that as the
temperature increased, both the adsorption capacity and dye
removal efficiency also improved. This enhancement is due to
the increased mobility of the adsorbent and adsorbate mole-
cules at higher temperatures, which facilitates more frequent
interactions between their active sites and thus enhances both
adsorption and MB removal efficiency.

Mater. Adv, 2025, 6, 2192-2201 | 2195
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Fig. 2 Effect of five important parameters on the adsorption capacity and dye removal efficiency of MB onto CP NPs. (A) Effect of pH on adsorption
capacity. (B) Effect of pH on dye removal efficiency. (C) Effect of concentration on adsorption capacity. (D) Effect of concentration on dye removal
efficiency. (E) Effect of contact time on adsorption capacity. (F) Effect of contact time on dye removal efficiency. (G) Effect of temperature on adsorption
capacity. (H) Effect of temperature on dye removal efficiency. (I) Effect of adsorbent dosage on adsorption capacity. (J) Effect of dosage on dye removal

efficiency. (K) Effect of ionic strength on dye removal efficiency.

3.3.5. Effect of adsorbent dosage. Fig. 2I and J show the
effect of CP NP dose on the adsorption capacity of MB onto CP
NPs. The adsorption capacity was increased with increasing the
adsorbent dose from (5 to 30 mg), this is due to the fact that as the
amount of adsorbent increases the number of active sites also
increases, which means that there is a higher probability of binding
the adsorbate to the active sites of the adsorbent. Moreover, the
adsorption capacity starts to stabilize when the adsorbent dosage
exceeds 30 mg. This could be due to the fact that at higher dosages,
the dye removal efficiency reaches 99%, and the additional adsor-
bent leads to a surplus of active sites that remain unoccupied.
Therefore, the best amount of adsorbent is 0.05 g/100 mL.

3.3.6. Effect of ionic strength. Fig. 2K shows the effect of
CP NPs ionic strength on the adsorption capacity of MB onto
CP NPs. Various concentrations of NaCl solution were used,
reaching up to 0.07 M. The results indicate that the removal
efficiency begins to decrease noticeably beyond 0.05 M.

3.4. Adsorption kinetics

To assess the efficiency of adsorption based on the rate of MB
uptake onto CP NPs, kinetic studies were conducted. Fig. 3 and
the data in Table 1 show that the pseudo-second-order model
fits the experimental data well, with an R* value of 0.99. In

2196 | Mater. Adv., 2025, 6, 2192-2201

contrast, the pseudo-first-order model has a much lower R*
value of 0.43. Therefore, the adsorption of MB onto CP NPs
follows a pseudo-second-order model, indicating that the pro-
cess depends on the concentrations of both MB and NPs.

In addition, Elovich and intraparticle diffusion models were
investigated in this work. As shown in Fig. 3A, the Elovich model
is a kinetic model commonly used to describe the adsorption of
chemical species onto solid surfaces, particularly in systems where
chemisorption (chemical adsorption) is the dominant mechanism.
It is especially useful for heterogeneous adsorption processes, where
the adsorption rate decreases over time due to surface saturation or
changes in activation energy. The Elovich model parameters,
o =0.92, § = 0.35, provide strong evidence that chemisorption is a
key mechanism in the adsorption system. The high initial adsorp-
tion rate («) reflects the adsorbent’s efficiency in rapidly capturing
the adsorbate, while the moderate desorption constant () suggests
strong binding and heterogeneous surface interactions.

gt = kigt"* + C
q(t) is the amount of adsorbate (such as a gas or solute)

adsorbed at time ¢; kjq = is the intraparticle diffusion rate
constant; ¢ = time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Absorption kinetics, thermodynamics, and isotherm parameters of adsorption of MB onto CP NPs

(A) Elovich model. (B) Particle diffusion. (C) DS Van't Hoff MB. Isotherms of MB onto CP NPs; (D) Langmuir isotherm. (E) Freundlich isotherm.

Isotherm
Kinetic model Parameter Value Thermodynamics models Parameter Value
Pseudo g. (mg g™ 9480 x 107" T K AG AH AS R*>  Langmuir gma (Mgg ') 17.94
first order (K) (k) mol™") (kJ mol™") (k] mol™* K") Ky, 1.16
R, 0.08
R 0.71
ky (min”) 1.089 298 4.458 —3.626 1.348 0.017 0.94 Freundlich 1/n 1.00
R* 0.438 308 4.587 -—3.819 Ky 5.00
Pseudo g. (mg g™ 2616.414 318 4.656 —3.981 R* 0.99
second order k, (g mg ' min~") 186487.100 328 4.677 —4.119 Temkin By 44.30
Kr(Lmg™")  6.94
R 0.99 R 0.83
Intra-particle  Kiq 1.09459
diffusion (mg g * min~*?)
C 0.23407
R? 0.8
Elovich o 0.9200
B 0.35278
R 0.97
© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2025, 6, 2192-2201 | 2197
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The results from the particle diffusion model reveal key
insights into the rate of particle movement within the system,
with a Kiq of 1.09459 suggesting rapid diffusion. The positive
intercept of 0.23407 suggests that the system is not at equili-
brium initially, and the R* value of 0.8 indicates a strong fit of
the model to the observed data. However, the remaining 20% of
variation unaccounted for points to the need for further refine-
ment and the inclusion of additional parameters or models to
better explain the system’s behavior. By addressing these areas,
future studies can further improve the accuracy of particle
diffusion models and provide more reliable predictions for
similar systems.

3.5. Adsorption thermodynamics

To gain a better understanding of how temperature influences
adsorption, it is essential to consider the thermodynamic
parameters. Parameters such as AH, AS, and AG can be
determined using the following equations.>®

AS AH

InKp =22 — 22
NAD = T RT ()
Ko=¢ @)
AG = —RTInK; (5)

Fig. 3C displays the van’t Hoff plot of InKp versus 1/T. The
values of AH and AS were determined from the plot’s slope and
intercept. The thermodynamic parameters for the adsorption of
MB onto CP NPs are detailed in Table 1. The AG values were
negative at all temperatures examined and showed a decreasing
trend with rising temperature, demonstrating that the adsorp-
tion process occurs spontaneously and is thermodynamically
more favorable at elevated temperatures. Moreover, the positive
enthalpy change (AH = +1.348 k] mol ') confirms the endothermic
nature of the adsorption. The positive entropy change (AS =
+0.017 k] mol~ " K™ ") indicates that the adsorption leads to greater
disorder at the interface between CP nanoparticles and MB.

3.6. Adsorption isotherms

Adsorption isotherms are mathematical models used to explain
how adsorbate molecules are distributed between the adsorbent
and the liquid phase. These models take into account factors such
as the uniformity or variability of the adsorbent, the interactions
among adsorbate molecules, and the type of coverage on the
adsorbent. In this study, the equilibrium data were tested by the
Langmuir, Freundlich and Temkin isotherm models.

The Langmuir isotherm suggests that during the adsorption
process, a monolayer forms when there is no interaction between
adsorbate molecules. The Freundlich isotherm, commonly used
for heterogeneous solid catalysts, describes multilayer adsorption
through a mathematical relationship. The Temkin isotherm
addresses adsorption in heterogeneous systems, assuming that
the heat of adsorption decreases linearly with coverage due to
interactions between the adsorbent and adsorbate, and that the
adsorption binding energies are evenly distributed.*

2198 | Mater. Adv., 2025, 6, 2192-2201
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The models are expressed by eqn (6)-(8), respectively
C. C. 1
=—+

== 6
qe qm KLQm ( )
1
Inge = In K¢ + Eln C. (7)
RT RT
ge=—IKr+-—InC, (8)
br br

where g. is the equilibrium adsorption capacity of MB in
(mg g '), C. is the equilibrium concentration of MB (ppm),
gm is the monolayer capacity of CP NPs (mg g ), and K,
represents the adsorption constant in the Langmuir model,
while Kz denotes the maximum adsorption capacity constant in
the Freundlich model. The parameter n reflects the adsorption
intensity in the Freundlich equation. By corresponds to the
slope expressed in energy units (J mol '), and Kr signifies the
equilibrium binding constant in the Temkin model.

Fig. 3D-F shows the linearized plots and Table 1 shows the
results of the applied three isotherm models. According to
the values of R the adsorption process fitted more with the
Freundlich model of the adsorption isotherm (R* = 0.99), which
means that the adsorption is of multi-layer type.

Regarding the thermodynamics, the adsorption process is
spontaneous, endothermic, and entropy-driven. The negative
values of AG confirm that the process is spontaneous at all
temperatures, with the adsorption becoming more favorable as
the temperature increases. The positive AH indicates that the
process is endothermic, requiring heat input, and the positive
AS suggests an increase in disorder during adsorption. As
temperature rises, the equilibrium constant (K) increases,
reinforcing that the process is more favored at higher tempera-
tures, making the adsorption process increasingly efficient and
spontaneous with rising temperature. The R> value of 0.94
indicates a good fit of the data to the thermodynamic model.

Regarding the isotherm models, the Freundlich isotherm
model best fits the experimental data, with a high R*> = 0.99,
indicating a heterogeneous adsorption process with varying
affinities across different sites on the adsorbent. The Langmuir
model, with a lower R* = 0.71, suggests that adsorption does not
occur on a homogeneously distributed set of sites, as assumed in
Langmuir’s theory. The Temkin model, with an R* = 0.83, shows
a low to moderate fit, indicating some interaction between the
adsorbate and adsorbent, but it is less suitable than the Freun-
dlich model. Overall, the Freundlich model is the most appro-
priate for describing the adsorption behavior in this case.

3.7. Desorption studies

Adsorbent regeneration and reusability following the adsorption
process are one of the primary goals of desorption investiga-
tions. A key benefit of adsorbents for practical and economical
applications is their ability to be reused across multiple adsorp-
tion and desorption cycles. In this study, 1.0 M HCI solution was
used as an eluent in order to investigate the possibility of reusing
CP NPs. Using the batch method, four cycles of consecutive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Sorption/desorption cycles of MB dye onto CP NPs. (B) Scheme of the mechanism of MB with CP NPs.

sorption/desorption tests were carried out. Fig. 4A represents the
dye sorption and desorption efficiencies in each cycle. In the first
two cycles both the sorption and desorption efficiencies were
greater than 80%, and these results suggest that CP NPs show
great performance in both processes with minimal loss in their
capacity. The decline could be linked to the loss of active sites on
the CP NPs, particle aggregation, or blockage of pores due to dye
accumulation over successive cycles. Additionally, the nano-
particles may undergo minor structural changes that reduce
their overall surface area and adsorption capacity. Despite these
declines, the high adsorption and desorption efficiencies across
all cycles demonstrate that CP NPs retain good recyclability,
though further optimization might be required to maintain their
performance over extended usage in real-world applications.

3.8. Adsorption mechanism

The adsorption of MB by CP NPs occurs through two main
mechanisms: electrostatic adsorption and pore trapping (Fig. 4B).

1. Electrostatic adsorption: the surface charges of CP NPs
attract the oppositely charged MB molecules. The positive
charge of MB interacts strongly with the negatively charged
functional groups on the CP NP surface, promoting effective
adsorption. This process is influenced by factors such as pH
and the nanoparticle’s surface charge density.

2. Pore trapping: the porous structure of CP NPs allows MB
molecules to diffuse into and become trapped within the
nanoparticle pores, providing additional active sites for adsorp-
tion. The efficiency of this mechanism depends on the align-
ment of the nanopore size with MB’s molecular dimensions.

These dual mechanisms enhance the adsorption capacity of
CP NPs, making them effective for environmental remediation,
particularly in water treatment.

To sum up and based on reports in the literature, Table 2 shows a
comparison between our CP nanoparticles and others. It highlights
the satisfactory performance of the CP NPs for dye removal, with an
adsorption capacity of 50 mg g~ and 99% efficiency, surpassing
several reported adsorbents. For example, silica nanoparticles deri-
ved from rice husk achieved only 19.26 mg g~ ' with >80% dye

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Comparison of adsorption capacity and dye removal efficiency
of various adsorbents

Adsorption Dye

capacity removal
Adsorbent (mgg™") (%) Ref.
Sio, 19.26 >80 37
ZrO, 23.26 94 38
Fe;0,/chitosan/graphene 47.35 ~100 39
Polyaniline/graphene oxide 19.2 99 40
CP nanoparticles 50.00 99 This study

removal, while biogenic ZrO, nanoparticles reached 23.26 mg g *
and 94% efficiency. Though graphene-based nanocomposites
showed comparable results, they rely on synthetic and costly pro-
cesses. The CP NPs in this study provide a sustainable, cost-effective,
and scalable alternative, demonstrating their importance in advanc-
ing environmentally friendly water treatment solutions.

Finally, the economic assessment of the whole process is
highly important from an industrial application perspective.
The economic assessment of using NPs for pollutant removal
highlights their low cost due to chalcopyrite’s natural abundance
and availability. The preparation costs mainly involve minimal
processing, such as grinding and synthesis, which are less expen-
sive than more specialized adsorbents. With an adsorption capa-
city of 50 mg g~ ', the cost per unit of pollutant removal is
calculated based on the material’s cost and efficiency, resulting
in a cost-effective solution. Operational costs, including the energy
and disposal of the spent material, are also considered, and the
assessment suggests that CP NPs are a competitive, scalable
alternative to more expensive adsorbents like activated carbon.

4. Conclusions

Chalcopyrite mineral nanoparticles (CP NPs) were synthesized
using a facile top-down milling method and applied for the
adsorption of methylene blue (MB) dye from an aqueous
solution. Thanks to their relatively high surface area and
porosity, CP NPs effectively adsorbed MB, achieving nearly
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90% removal within just 10 minutes and 99% removal within
40 minutes, demonstrating exceptionally fast adsorption
kinetics that make them highly suitable for industrial-scale
applications. The CP NPs exhibit high adsorption efficiency
across a wide pH range, with only 0.05 g of adsorbent required
per 100 mL of solution for 99% MB removal within 40 minutes.
Isotherm, kinetic, and thermodynamic analyses confirm the
effectiveness of the process, while recycling studies show that
the CP NPs can be reused up to four times without significant
loss of performance, highlighting their sustainability and
renewability. The natural abundance, low cost, and superior
performance of CP NPs as adsorbents ensure their practicality
and scalability for large-scale removal of organic pollutants in
industrial settings.
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