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Abstract

In this study, the adsorption of Methylene Blue (MB) and Methyl Orange (MO)
dyes from aqueous solutions onto both metallic Ag NPs and Cu NPs and bimetallic
Ag/Cu NPs obtained from the extract of Helichrysum arenarium, an aromatic
plant, by green synthesis method was investigated and equilibrium isotherms and
kinetic models were determined. The adsorption parameters, such as pH, adsorbent
amount, contact time and initial concentration were optimized. The most successful
removal for MO was achieved with Ag/Cu NPs at 76.9% under optimum conditions
(20 mg/L MO, 20 mg Ag/Cu NPs, 60 min contact time, pH 2), while that for
MB was achieved with Ag NPs at 82.7% under optimum conditions (20 mg/L
MB, 20 mg Ag NPs, 60 min contact time, pH 4). Moreover, the adsorption data
were modelled by Langmuir and Freundlich adsorption isotherms and Langmuir
adsorption was found to be the most appropriate adsorption isotherm model for both
MB and MO. Furthermore, while the pseudo-first-order reaction kinetic model was
found to be the most suitable for MO dye, the pseudo-second-order reaction kinetic
model was found to be the most suitable for MB dye. Based on the experimental
results, bimetallic Ag/Cu NPs can be considered as effective, economic, and
alternative adsorbent based on the maximum adsorption capacities which were
found to be 191.696 mg/g for MO and 374.001 mg/g for MB. The highest efficiency
of bimetallic Ag/Cu NPs is due to the properties of both Ag NPs and Cu NPs.
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Introduction

Due to the complex molecular structures of dyes released into the environment from
textile, chemical, pharmaceutical and dye industries, their removal can be conducted
in a limited way in the wastewater. They also play a remarkably effective role in
the possible water shortage in the future. Even in low concentrations, they can be
extremely harmful to both environment and water ecosystems [1]. These dyes, which
are widely found in industrial wastes, such as chemical, textile, pharmaceutical, and
other areas, are carcinogenic, allergenic, mutagenic, toxic and highly resistant to
biological degradation. To limit and reduce the toxic effects of these dyes on the
environment and water ecosystem, different separation and purification methods
have been applied and developed, including ozonation, ion exchange, precipitation,
microbial separation, filtration, electrochemical methods and adsorption [2—4].
Among them, adsorption is frequently preferred due to its practicality and simplicity
application, low cost, sensitivity to toxic substances, efficiency, and successful
applicability at extremely low concentrations. In principle, adsorption efficiency is
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related to pH, temperature, contact time, and other environmental parameters. In
addition to the environmental conditions, the type of adsorbent used significantly
affects the adsorption efficiency [4].

Urucu et al. investigated the degradation of Methylene Blue (MB) dye
via phytoremediation with Juncus effusus plant. This study also involved the
determination of associated degradation byproducts. Under optimized conditions, an
experimental adsorption capacity was found to be 1.421 mg/g based on plant wet
weight for MB [5]. Thaddaden et al. conducted a study focused on achieving the
highest removal rates for MB by utilizing coagulants derived from both Bentonite
and Opuntia ficus indica. These natural coagulants were presented as ecological
alternatives to conventional chemical coagulants. The removal efficiency was found
to be 98.29% for MB [6]. Othmani et al. investigated the removal of MB and Methyl
Orange (MO) dyes via a flocculation methodology employing cactus-derived
formulations in conjunction with alum. The flocculants utilized were distinguished
by their natural origin, stability, and environmentally benign profile, demonstrating
synergistic compatibility with alum. This approach achieved 83% and 63% removal
efficiencies for MB and MO, respectively [7]. Bani-Atta et al. investigated the
photocatalytic degradation of MO and MB dyes. The photocatalytic activity,
conducted under UV irradiation utilizing a Calcium—Polyoxometalate catalyst,
demonstrated potential for the remediation of organic pollutants in industrial
wastewater. The study achieved 81.21% and 25.8% removal efficiencies for MB and
MO, respectively [8]. Majeed et al. investigated ascorbic acid as an environmentally
friendly, edible, and effective photo-oxidative material for the degradation of MB.
This study demonstrated that photo-oxidation utilizing ascorbic acid achieved a 95%
removal efficiency for MB revealing its significant potential for the remediation of
toxic dye contaminants [9].

Due to superior functionality and suitability for modifications, homogeneous
surface structure and large surface area, nanoparticles have found many applications,
such as purification, catalysis, drug delivery, humidity control, heavy metal/
dye adsorption and separation-purification processes, and are increasingly used
especially for purifying dyes found in the wastewater [10].

The most key features of nanoparticles obtained by modification of metals are
that their sizes and shapes can be adjusted depending on the synthesis conditions.
The biological, physical, and chemical activities of nanoparticles depend on the
size, shape, chemical composition, redox potential, particle dissolution, ion release,
coating, and aggregation degree of nanoparticles. In addition, the available surface
area and surface charge of nanoparticles play a significant role in this interaction
[4, 10]. Nanoparticles are effective even at exceptionally low concentrations and
minimize the possibility of toxicity. However, it has been shown that the current
potential toxicity of nanoparticles is not only related to metal accumulation, but also
to the methods used in the synthesis of nanoparticles. The use of toxic chemicals for
traditional nanoparticle synthesis limits the applicability of nanoparticles. Since this
situation increases the need to develop environmentally friendly alternative methods
without using toxic substances, green synthesis has begun to be used. Green
synthesis is more beneficial than conventional chemical synthesis methods because
it is economic, reduces environmental pollution and increases the human health and
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environmental safety. Green synthesis has been frequently preferred in recent years
because it eliminates the use of expensive chemicals and is environmentally friendly
[4, 10, 11].

Green synthesis, which is a method for the synthesize of both metallic and
bimetallic nanoparticles that are biocompatible and suitable for modification
with naturally obtained extracts, has begun to be widely used. With respect to
chemically obtained nanoparticles, the metallic/bimetallic nanoparticles obtained
by green method is being economical, biocompatible and have the non-toxicity
of the by-products produced during production [12]. By using the green synthesis
method, metallic nanoparticles, such as Ag, Au, Cu, Zn and bimetallic nanoparticles
such as Ag/Cu, Au/Ag, Au/Cu, and metal oxide nanoparticles can be synthesized.
The nanoparticles synthesized with this method find applications in agriculture,
pharmacy, medicine and chemistry. In addition, these nanoparticles obtained show
antioxidant, antimicrobial, and anticancer properties [12, 13].

Fungi, bacteria, algae, and plants are used as electron donors in nanoparticle
synthesis with the green synthesis method. Fungi serve as particularly good
biological agents in the synthesis of nanoparticles thanks to the enzymes that they
contain. In general, larger amounts of nanoparticles have been synthesized by using
fungi compared to bacteria. Bacteria are important biosynthesis tools in the green
synthesis of nanoparticles. Different bacterial species can be used in the synthesis
of nanoparticles. The most used species are both prokaryotic bacteria and actino
bacteria. The use of algae in the synthesis of nanoparticles is not common. However,
algae are also used in green synthesis with the functional groups they contain such
as amine and hydroxyl [14].

Plants are mostly used in the green synthesis of nanoparticles compared to fungi,
algae, and bacteria. When the studies are examined, it is seen that all parts of plants,
such as stems, roots and leaves are used in the green synthesis of nanoparticles. In
addition to the terpenoids, polysaccharides, phenolics, alkaloids, flavones, amino
acids, enzymes, and proteins that they contain, plants provide rapid and safe
nanoparticle synthesis thanks to the bioactive components, such as chlorophyll
pigments, caffeine, eugenol, ascorbic acid, and theophylline [13]. The use of plants
and their extracts in green synthesis attracts attention due to reasons, such as their
rapid growth, easy accessibility, ability to perform nanoparticle synthesis in a single
step and economically, non-pathogenicity and environmental friendliness. Recently,
metallic, bimetallic, and metal oxide nanoparticles are frequently preferred as
adsorbents in adsorption studies conducted for the removal of dye pollutants.
Aromatic plants are plants with different uses in industries, such as chemistry,
medicine, pharmaceuticals, food, and cosmetics, and it is known that they have been
used for such purposes since the beginning of human history [13, 15].

The aromatic plants are obtained from nature, while some are produced by
taking them under special conditions specific to distinct cultures. One of the
important purposes of using aromatic plants that are the subject of research is
their use for obtaining extracts for nanoparticle production by green synthesis
method. Helichrysum arenarium is a perennial aromatic plant that grows in
rocky areas with yellow flowers between 50 and 60 cm in height. The extract
of Helichrysum arenarium has many biological activities, such as antiviral,
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antimicrobial, antibacterial, antioxidant, anti-inflammatory, antifungal,
antiproliferative, antiallergic, antiradical, cholinergic, hepatoprotective and
detoxification activities. Cu and Ag metal nanoparticles and Ag/Cu bimetallic
nanoparticles used for this purpose can be easily produced on a large scale at
low cost and can be applied in many areas. These nanoparticles are among the
promising materials due to their surface functional groups. In the literature,
experimental studies have been reported on the photodegradation, adsorption and
photocatalysis effects of dyes by these nanoparticles [16—18].

The aim of this study is to synthesize stable metallic Ag NPs, Cu NPs, and
bimetallic Ag/Cu NPs using the extract of the Helichrysum arenarium plant,
which is a rarely used aromatic plant, providing on the advantages of green
synthesis, such as reduced toxicity by avoiding harmful chemicals, cost-
effectiveness using a plant source, and the effect of natural stabilizing agents
present in the plant extract. Furthermore, this study aims to utilize the adsorption
method with the synthesized nanoparticles to remove MO and MB dyes from
aqueous solutions which includes the optimization of adsorption parameters (pH,
contact time and adsorbent amount), and to determine both adsorption isotherms,
and adsorption kinetics. The results indicate that, under optimum experimental
conditions, while MO removal by using Ag/Cu NPs was found to be 76.9%
(20 mg/L MO, 20 mg Ag/Cu NPs, 60 min contact time, pH 2), MB removal by
using Ag NPs was found to be 82.7% (20 mg/L MB, 20 mg Ag NPs, 60 min
contact time, pH 4). The reusability of all nanoadsorbents was performed as
three cycles with the same concentration and they can be used after three cycles
without losing its efficiency.

Materials and methods
Materials

Silver Nitrate (AgNO;) was purchased from Fluka. Copper (II) sulfate pentahydrate
(CuSO,-5H,0) was purchased from Indosaw. Deionized water was used throughout
all experimental studies (18.2 MQ cm). Methyl Orange (C,,H,,N;NaO,S) and
Methylene Blue(C,¢H,;CIN,S) were received from Merck and Fluka.

Instrumentation

Labart SHS and Heidolph MR 3001 magnetic stirrers were used for mixing and
heating processes during the preparation of extract, metallic Ag NPs, metallic
Cu NPs, bimetallic Ag/Cu NPs and adsorption experiments. The separation of
nanoparticles was made with Hettich Universal 320 Centrifuge. The pH values
were controlled with the Thermo Orion 3 Stars pH meter. The morphological and
chemical characterizations for nanoparticles were characterized by Thermo Fisher
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Scientific Nicolet IS10 ATR-FTIR, Shimadzu UV-1800 UV-Vis Spectrophotometer,
Carl Zeiss EVO-LS 10 SEM and TEM-120 kV Transmission Electron Microscope.

Synthesis of nanoparticles

1.0 g of Helichrysum plant was weighed and added to 50 mL of deionized water.
This mixture was stirred at 25 °C for 5 h. After mixing, the solid plant residue and
the extract were separated from each other with the help of filter paper. At the same
time, 0.1 M of 50 mL Silver Nitrate (AgNO;) was prepared, and 5 mL of the plant
extract was added to 45 mL of 0.1 M AgNO; solution to synthesize Ag NPs. On the
other hand, 7 mL of plant extract was added to 0.1 M of 50 mL of copper(Il) sulfate
pentahydrate (CuSO,-5H,0) solution to synthesize Cu NPs. Moreover, 10 mL of
plant extract was added to 0.1 M of 100 mL solution including 1.69 g AgNO; and
2.49 g CuSO,-5H,0 for the synthesis of Ag/Cu NPs. Then, they were mixed with a
magnetic stirrer at 500 rpm and kept at room temperature for approximately 30 min
to settle. After solid and liquid parts of the obtained nanoparticles were separated by
centrifugation, they were washed with deionized water with three times and dried in
an oven [16].

Adsorption experiments
Effect of pH on adsorption

The effect of pH on the adsorption of MO and MB onto these NPs was investigated
at different pH values of 2, 4, 6 and 8, keeping other parameters as constant (both
MO and MB: 20 mg/L; adsorbent amount: 20 mg; contact time: 90 min).

Effect of adsorbent amount on adsorption

For the optimization of the nanoparticle amount, other conditions were kept constant
for each nanoparticle according to their type and the adsorbent amounts were
changed as 10, 20, 30 and 40 mg in solutions containing 20 mg/L of MO and MB.

Effect of contact time on adsorption

For the optimization of contact time, the experiments were carried out with various
contact times of 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140 and
150 min while maintaining other conditions constant (20 mg/L of MO and MB
solution, 20 mg of adsorbent amount and optimum pH for each NPs).

The adsorption kinetics for MO and MB on nanoparticles were investigated under
optimum conditions. The kinetic equations were applied to the experimental data to
investigate the potential rate determining step of the adsorption process. Two kinetic
models were used as pseudo first order (PFO) equation and pseudo second order
(PSO) equation shown in the Eqgs. 1 and 2 [17].

The pseudo-first order equation can be expressed as:
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4, =g, X [1 —exp(—kt * 1)] (1

Here k, is the pseudo-first order rate constant (min~'), q, and q, are the amount
of desired molecules adsorbed at equilibrium and time t. This equation describes a
reversible equilibrium between the solution and adsorbent.

The pseudo-second order equation can be expressed as:

g, xkyxt

7= [y x g, x 1] + 1

@)

Here k, is the pseudo-second order rate constant (g/mg min), q, and q, are the
amount of dyes adsorbed at equilibrium and time t [17].

Adsorption isotherms

Adsorption experiments were applied under optimum conditions in 10, 20, 40,
80 and 100 mg/L of MO and MB solutions. The values obtained from UV-Vis
Spectrometer measurements and both Langmuir and Freundlich isotherm models
were used.

The Langmuir equation can be expressed as:

qequ”‘XKLXCe 3
+K; XC,

Here, q. (mg/g) is the adsorbed amount per unit mass of the adsorbent, the
maximum monolayer adsorption capacity of the adsorbent is q,, (mg/g), and K
(L/mg) is the Langmuir adsorption constant, C, (mg/L) is the equilibrium state
concentration [17].

The Freundlich isotherm model creates more than one layer on a heterogeneous
surface for adsorption.

The Freundlich equation can be expressed as:

q, = K:C,'/" (4)

Here, q, (mg/g) is the amount of adsorbed per unit mass of the adsorbent, K is
the Freundlich adsorption constant, C, (mg/L) is the concentration in equilibrium
state. Ky is related to the adsorption capacity of the adsorbent, 1/n, and n (L/mg)
represent the constant related to the adsorption intensity [17]. If 1/n is between zero
and 1 (0<1/n<1), adsorption is considered as convenient. When 1/n is greater than
1, the adsorption process is inconvenient and when n=1, it is irreversible.

Desorption of adsorbed MO and MB on adsorbent surface
Three desorption agents, such as deionized water, 0.1 M HCI, ethanol were used

to desorb MO and MB which were adsorbed on Ag NPs, Cu NPs, and Ag/Cu NPs.
It was observed that desorption using deionized water provided exceptionally low
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dye recovery (Fig. S1). This shows the stability of the adsorption under neutral
conditions.

Result and discussion
Characterization

SEM-EDX characterization

As seen in Fig. 1a, the amount of Ag is found to be 58.4%, while the amount of O
is found to be 30.5% due to reducing agents from the both salt and extract. As seen
in Fig. 1b, the amount of Cu is found to be 31.3%, and the amount of O is found
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Fig. 1 SEM-EDX of (a) Ag NPs (2.5 px), b Cu NPs (2.5 px) and (¢) Ag/Cu NPs (1 px)
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to be 56.4% due to reducing agents from the both metal salt and extract. As seen
in Fig. 1c, the amounts of Ag, Cu and O are found to be 12.1%, 17.2%, and 58%.
Therefore, it can be assumed that the effect of Cu on properties of Ag/Cu NPs is
higher than the effect of Ag.

TEM characterization

In the TEM image of Ag/Cu NPs, while the dark parts show Cu NPs, the brighter
regions show the Ag NPs, and the structure of Ag/Cu NPs is seen to be stacked and
layered shown in Fig. 2¢c. The images obtained from TEM were calculated using the
Image J program and nanoparticle sizes were determined. According to the deter-
mined data, Ag NPs, Ag/Cu NPs and Cu NPs were in spherical crystalline structure,
monodisperse and the average particle diameters were 14.20+0.20 nm for Ag NPs,
10.25+0.20 nm for Ag/Cu NPs and 5.80+0.10 nm for Cu NPs [16].

FTIR and XRD characterization

The Fig. S2 shows both FT-IR after and before adsorption and XRD results of
the nanoparticles after adsorption. According to the results, the shift in peak
locations, the peaks given by the functional groups that are not in the content of the
nanoparticle but are present in the dyes, the peaks given by the functional groups
that create differences between the dyes, and the change in peak intensities confirm
that adsorption has been occurred.

The presence of prominent peaks of Ag NPs, Cu NPs and Ag/Cu NPs shown
in Fig. S2a—c suggest that biologically active molecules may act as both reducing
and stabilizing agents during the formation of NPs. The peak of Ag/Cu NPs at

Fig.2 TEM Images of Nanoparticles (a) Ag NPs, (b) Cu NPs, (¢) Ag/Cu NPs (X 100 nm)
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3385 cm™! shown in Fig. S2b belongs to O-H stretching and bending vibration,
while the peaks at 2956 cm™ and 2814 cm™ indicate C-H vibrations. C=0
stretching of polyphenols at 1627 cm™!, carboxylate group (COO) stretching at
1454 cm™!, CH bending at 1313 cm™!, CO stretching at 1224 cm™!, C-O stretching
vibration at 1082 cm™! and C—H out-of-plane bending vibration at 846 cm™" are also
displayed.

There are seven specific peaks at 3392, 1652, 1614, 1514, 1384, 1195 and
1066 cm™! in the FTIR spectra of Cu NPs before and after adsorption shown in Fig.
S2c. These peaks represent O—H stretching, C =C stretching, C=C stretching, C=C
aromatic ring stretching, C—OH stretching vibrations, C-OH and C—OH bending.

When the FTIR spectrum of Ag NPs before and after adsorption was examined
shown in Fig. S2a, some specific peaks at 3375, 2964, 1606, 1421 and 1083 cm™!
were found. The peak originating from O-H and N-H stretching is observed at
3375 cm™!. C-H stretching is observed at 2964 cm™'. C=0 stretching, C=C
stretching and C—N stretching are observed at 1606 cm™!, 1421 cm™! and 1083 cm™'.
FTIR analysis revealed that Ag/Cu NPs, Ag NPs and Cu NPs were successfully
biosynthesized.

The crystal structures of Ag/Cu NPs, Ag NPs and Cu NPs were characterized by
using XRD analysis shown in Fig. S2d. Ag NPs showed five different diffraction
zones at 38.1, 44.3, 64.5, 77.4 and 81.6° corresponding to (111), (200), (220), (311)
and (222) crystal surfaces. Cu NPs showed diffraction zones at 43.2, 50.4 and 73.9°
corresponding to (111), (200) and (220) crystal surfaces. It was determined that
XRD analysis data for Ag NPs were compatible with the JCPDS card (01-087-0717)
data, while the Cu NPs data were compatible with the JCPDS card (01-070-3038).

Adsorption results

MB is a positive (cationic) dye, and this feature significantly affects its interaction
with nanoparticle surfaces, especially in terms of electrostatic forces. The interaction
of MB with nanoparticle surfaces is a complex process and may contain multiple
mechanisms. If the surface charge of nanoparticles (usually affected by coating
agents caused by synthesis or pH) is negative, electrostatic attraction with cationic
MB plays an important role [19].

MO is an anionic azo dye containing a sulfonate group and due to this feature,
it is negatively charged especially in aqueous solutions above its pK, value. The
sulfonic group in the dye molecule forms the basis of the anionic structure [20].

The optimum pH values were found to be 4 for Ag NPs, 2 for Cu NPs and 4 for
Ag/Cu NPs for MB adsorption shown in Fig. 3a. On the other hand, the optimum
pH value was found to be 2 for Ag NPs, 2 for Cu NPs, 2 for Ag/Cu NPs for MO
adsorption shown in Fig. 3b. At the pH values above 6 especially for MO adsorp-
tion, the adsorption efficiency of all NPs decreases considerably because the com-
petition with OH™ ion can reduce the adsorption efficiency. Since the adsorption
technique is related to the nanoparticle-dye relationship, the nanoadsorbent surface
is an especially important characteristic feature and plays a key role in the efficiency
of adsorption. It was determined that the efficiency of adsorption decreases with the
increase the solution pH. Therefore, optimum values that were more acidic were
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selected for subsequent adsorption experiments. According to experimental results,
the optimum pH values for MO adsorption is lower than that MB adsorption. The
modifications in adsorbent materials can significantly alter the pH dependence of
dye adsorption. The possibility of specific chemical interactions or complex forma-
tion between the dye and the adsorbent surface beyond simple electrostatic inter-
actions is also an important advantage of synthesis via green method. The surface
charge behaviours of Ag NPs, Ag/Cu NPs and Cu NPs were determined in 0.01 M
NaCl medium and pHpzc values were found to be 8.05, 6.07 and 6.09, respectively
(Fig. S3). According to these results, the surface of Ag NPs gains a negative charge
in more basic conditions, but Ag/Cu NPs and Cu NPs change their surface charge
at lower pHs. The fact that Ag/Cu NPs and Cu NPs have similar pHpzc values indi-
cates that Cu metal has a more dominant effect in the bimetallic alloy.

With the values obtained from the UV—Vis measurements, it was found that the
reasonable adsorbent amount was found to be 20 mg shown in the Fig. S4.

After optimization studies for the adsorption were performed, it was found that
while Ag NPs showed the best adsorption for MB dye, Ag/Cu NPs showed the best
adsorption for MO dye. The correlation coefficient numbers and model constants of
the PFO and PSO kinetic modelling of the relevant dye and adsorbent are shown in
Table 1.

As can be seen from the Table S1, the correlation values of PFO equation kinetic
data for MO adsorption are found to be 0.9959 for Ag NPs, 0.9775 for Cu NPs and
0.9953 for Ag/Cu NPs, while the correlation values for PSO equation are found to
be 0.9948 for Ag NPs, 0.9815 for Cu NPs, 0.9858 for Ag/Cu NPs. On the other
hand, if we look at kinetic data for MB adsorption, the compliance with PFO and
PSO equations for Ag NPs are found to be 0.9779 and 0.9913, respectively, while
that for Cu NPs are found to be 0.9731 and 0.9868, respectively and that for Ag/
Cu NPs are found to be 0.9780 and 0.9625, respectively shown in both Fig. S5 and
Table S1. Based on the correlation coefficient values, it can be found that the adsorp-
tions are compatible with physical and/or chemical adsorption. Since the correlation
values in PSO equation are higher, the chemical adsorption is the rate-limiting step
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for the adsorption of MO and MB on nanoparticles. PSO kinetics generally indicate
a stronger interaction involving chemical bonds between the dye and the nanoparti-
cle surface, while PFO kinetics may indicate a more physical adsorption process in
which the rate of adsorption is limited primarily by the diffusion of the adsorbate
to the surface. The observation of both models indicates that the surface properties
and the nature of the dye-adsorbent interactions are sensitive to the synthesis condi-
tions and the specific plant extract used [21]. Since the PFO model is more compat-
ible with the adsorption of the MO dye, it can be assumed that physisorption occurs
and there are weak bonds such as Van der Waals and Hydrogen bonds between the
dye and the surface of nanoparticles. However, the compatibility of the PSO kinetic
model data for the MB dye indicates that chemical adsorption occurs between the
adsorbent surface and the molecule surface. This may mean that the adsorption
technique involves the formation of covalent bonds between the binding sites of the
adsorbent and dye molecules through electron sharing.

According to Langmuir and Freundlich Isotherm Modelling, both equation
constants and other parameters obtained are given in the Table 2. It has been
concluded that based on interactions between adsorbent and dye, while the
compliance with Langmuir or Freundlich isotherms is sometimes effective,
sometimes both isotherms are effective shown in Fig. S6. The good fit of both
Langmuir and Freundlich isotherms in our adsorption system indicates that
the adsorption process is quite complex and cannot be fully described by a
single idealized model. This indicates that adsorbent surfaces may exhibit both
homogeneous and heterogeneous properties, or that adsorption may involve a
combination of both monolayer and multilayer mechanisms. Such behaviour is
frequently observed, especially when using natural or slightly processed adsorbents
[22]. When the dye and adsorbent interactions are suitable for Langmuir isotherm,
it can be considered that the adsorbent surface is homogeneous, the areas are
energetically equal, each region adsorbs at most one dye molecule and there is no
interaction between the dye molecules in adjacent regions [23]. On the other hand,
when that interactions are suitable for Freundlich isotherm, it is assumed that the
dye molecules are multilayered in adsorption. In addition, it can be assumed that the
adsorbent surface is heterogeneous in terms of adsorption area and surface energy
[24].

The constant of Langmuir isotherm (k; ) is an indicator of how strongly adsorbate
molecules bind to the active sites on the adsorbent surface. The larger the k; value,
the higher the affinity of the adsorbate to the adsorbent. This means that the adsorb-
ate molecules are more strongly attached to the surface and the adsorption is more
favourable [25]. When the lowest k; values of 0.00542 (Ag/Cu NPs—MO) and the
highest k; value of 0.03443 (Cu NPs—MO) in our data are compared, it means that
the affinity and binding energy of the adsorbate to the Cu NPs surface are signifi-
cantly higher. The adsorbent can hold the adsorbate more effectively, especially at
low concentrations. The isotherm curve will show a steeper increase at low con-
centrations and will tend to reach surface saturation more quickly. The q,,,, values
obtained from the Langmuir isotherm were higher for Ag/Cu NPs for both dyes.
The surface area values calculated based on the q,,,, values obtained in adsorption
typically provide an estimate of the surface properties of the material. The estimated
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surface area obtained using the adsorption data was 914.7 m?*/g for Ag/Cu NPs. The
surface areas for other nanoparticles are given in Table S2.

The constant of Freundlich Isotherm (k) is related to the adsorption capacity of
the adsorbent. Generally, a larger ki value indicates a larger adsorption capacity. kg
depends on the value of 'n’. The smaller the value of 1/n (and therefore the larger
the value of n), the more heterogeneous the surface is adsorbed, and the higher
energy sites are filled first, which generally indicates good adsorption [26]. In our
experimental data, the value of n=1.814 (and therefore 1/n < 1) generally indicates a
better and more typical adsorption behaviour, while the value of n=0.8248 (1/n>1)
indicates more special cases, for example, adsorption where adsorption is initially
difficult or where there are strong interactions between the adsorbed molecules.
These differences provide important information about the adsorption mechanism
and the effectiveness of the adsorbent.

For desorption studies, 0.1 M HCI, pure ethanol and pure water were used for the
test of the reusability of nanoparticles. In general, the recovery in pure water was
found to be extremely low. Because the acid damaged the structure of the dye, the
recovery could not be achieved. On the other hand, the recovery rates of adsorbed
dyes in ethanol were varied between 20 and 46% shown in Fig. S1. The remaining
dye molecules are stayed on the surface of the adsorbent.

Comparison of method with literature

Cu NPs synthesized by green method in Cynomorium coccineum plant extract
showed superior performance in dye adsorption. Adsorption capacity reached at
64 mg/g at room temperature. It showed a strong dye-nano adsorbent interaction.
Considering the eco-friendly plant support and good adsorption performances,
it was revealed that Cu NPs prepared by green synthesis method can be used for
the treatment of polluted waters and can be investigated in other environmental
applications [27].

Ismail et al. synthesized Cu NPs by green synthesis method using D. erecta fruit
extract. They found that Cu NPs showed extraordinary performance in the catalytic
reduction of carcinogenic azo dyes, such as MO and CR, and considering this
catalytic performance; the prepared Cu NPs can be synthesized in large quantities
and used for the treatment of water due to their low cost, high stability, reusability
and environmental friendliness [28].

Ag NPs synthesized by Junejo et al. have been proven to be exceptionally efficient
catalysts with improved reduction rate for methyl green (MG) dye. The study has
highlighted that Ag NPs can be equally useful for the reduction of other dyes [29].

Rohaizad et al. have synthesized stable Ag NPs using C. roseus extract. The
increase in Ag NPs concentration increased the removal percentage of MB. This
is because of structure and surface area of Ag NPs. It has been proven that NPs
synthesis by green synthesis method can be used in the preparation of other metallic,
bimetallic, and metal oxide nanoparticles and their nanocomposites to address the
current water pollution problem [30].
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Christina et al. prepared Ag/Cu bimetallic nanoparticles using waste Punica gran-
tum bark (PGP) extract. The photocatalytic efficiency of bimetallic nanoparticles
was investigated using Congo red dye, showing 100% degradation within 40 min.
The results show that maximum degradation was achieved by photocatalysis pro-
cess. Bimetallic Ag/Cu NPs also have excellent antibacterial effects and can be used
to treat bacterial diseases. As a result, it was observed that these catalysts have a
wide range of applications for nature, especially effective in photocatalytic proper-
ties of organic dyes and pollutants [31].

Table 3 presents the q,,, values, adsorption efficiencies, and compatible
isotherm and kinetic models for the nanoparticles investigated in our study,
alongside those of nanoparticles and nanoparticle composites reported in other
studies.

Conclusion

In this study, the adsorption of MO and MB dyes in aqueous medium onto Ag/
Cu NPs, Cu NPs and Ag NPs obtained by green synthesis method was studied.
Two classical isotherm models were examined. The isotherm parameters that best
fit the experimental data vary according to the adsorbent and adsorbate. Accord-
ing to the models, it mostly conforms to the Langmuir isotherm. Accordingly,
the adsorption increases linearly with the initial concentration of the dye. When
the surface is covered with a single layer and the amount of adsorbate adsorbed
on the adsorbent surface remains constant, the maximum saturation point of
adsorption is reached. The adsorption rate is directly proportional to the adsorp-
tion areas on the adsorbent surface and the adsorbate concentration. While the
Jmax Values were found to be 88.816 mg/g for Ag NPs, 59.257 mg/g for Cu NPs,
191.696 mg/g for Ag/Cu NPs for MO dye, that were found to be 189.210 mg/g
for Ag NPs, 182.226 mg/g for Cu NPs, 374.001 mg/g for Ag/Cu NPs for MB dye.
Although the optimum pH values changed with the adsorbent-adsorbate com-
patibility, pH 4 provided the optimum conditions. For the amount of adsorbent,
the 20 mg value was chosen as optimum because there were no dramatic differ-
ences with both 30 mg and 40 mg but there was a significant difference against
to 10 mg value. After these parameters were fixed, both the contact time and the
kinetic parameters were examined, and it was found that the adsorption reached
maximum saturation at the between 60 and 90 min. While MO was compatible
with the PFO kinetic model, MB was compatible with the PSO kinetic model.
In desorption studies, pure water could not recover dyes, while acid also dam-
aged the structure of dyes, but ethanol provided recovery between 20 and 30%.
However, the optimization experiments for desorption studies were not performed
because extremely low amounts of removal would be provided when adsorption
was tried again. While Ag/Cu NPs provided 76.9% removal for MO, both Ag NPs
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and Cu NPs could provide 55% and 49% removal, respectively. For MB removal,
Ag NPs, Cu NPs, and Ag/Cu NPs provided 82.7%, 72.5% and 74.3% efficiency.
In addition, it is seen that Ag/Cu NPs has significant potential in the adsorption
of MB and MO dyes from aqueous media. It is concluded that because bimetallic
Ag/Cu NPs obtained from natural plant extract, has highly efficient, has not toxic
properties due to obtained with green synthesis method and can carry the differ-
ent properties of Ag NPs and Cu NPs, they can be used as an important alterna-
tive to costlier adsorbent materials.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11144-025-02874-4.

Data availability Not applicable.
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