
 
 

*Author for Correspondence: mdfedaulmustafa28@gmail.com 

 

1927 

RESEARCH ARTICLE 

SYNTHESIS AND CHARACTERIZATION OF BIMETALLIC 
MAGNETITE NANOPARTICLES (FE–CU, FE–AG, FE–ZN) FOR 

DECOLORIZATION OF SYNTHETIC DYES 
  

MD FEDAUL MUSTAFA1, Dr. Mansi Mishra2, Dr. Sujeet Singh3 
1Department of Biotechnology, Noida Institute of Engineering and Technology, Greater Noida, 

mdfedaulmustafa28@gmail.com 
2Department of Biotechnology, Noida Institute of Engineering and Technology, Greater Noida, mansi.mishra@niet.co.in 

 
3Department of Biotechnology, Noida Institute of Engineering and Technology, Greater Noida, sujeetkumar@niet.co.in, 

 
Corresponding Author: mdfedaulmustafa28@gmail.com 

 
Received: 25th June 2026; Revised: 28th July 2026; Accepted: 10th October 2026; Available Online: 15th 

October 2026
 

  
Abstract 
The Toxicity, low biodegradability and carcinogenicity of synthetic dyes released from textile factories, paper industry, 
leather industry and printing companies create an environmental challenge. Decolorization technique that uses magnetic 
nanoparticles has an attractive feature of high surface-to-volume ratio, adjustable surface chemistry and simple recovery 
of used catalyst. In this study magnetite (Fe₃O₄) nanoparticles and three bimetallic types, which are Fe–Cu, Fe–Ag and Fe–
Zn, were created by chemical co-precipitation method and tested for decolorization of methylene blue (MB), a kind of 
cationic dye. Characterization of the synthesized materials was performed by means of X-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR) 
and ultraviolet-visible spectroscopy (UV–Vis). Batch decolorization was observed based on the contact time, amount used, 
initial concentration of dye and pH. The reusability was also assessed for five rounds. Fe–Cu provided the highest 
decolorization efficiency (98.4%) at concentration (0.8 g/L), pH 9- and 90 min of contact time. Other materials such as Fe–
Ag (95.2%), Fe–Zn (91.0%) and Fe₃O₄ (82.5%) performed lower than Fe–Cu. The kinetics of all four materials were best 
fitting the pseudo-second kinetic model (R² > 0.99), which is also indicative of the rate controlling mechanism being 
chemisorption step.  Fe–Ag has the highest reusability at 92.1% after five rounds of recycling. Thus, the study illustrates 
clear structure-activity relationships, revealing Fe–Cu to be the most efficient material and Fe–Ag having the highest 
reusability. 
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1. Introduction 

The process of fast industrialization and the expansion of 
industries involving textiles, dyeing, printing, paper 
making, leather and drugs has caused the release of 
synthetic dyes to water ecosystems on a large scale [1]. A 
big part of the dyes introduced in the process of textile 
production is lost while dyeing and flows into wastewaters 

without proper treatment [3]. Dyes are able to color water 
intensely, even in small amounts, block light penetration 
and photosynthesizing processes in the water and many azo 
and thiazine dyes have been shown to be dangerous for 
marine life and the human body [2,4]. The traditional 
methods of treatment involve various conventional methods 
like coagulation-flocculation, adsorption of activated 
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carbon, membrane filtration and biological methods [5]. 
However, all these methods have a lot of drawbacks such as 
high treatment costs, generation of a lot of sludge, inability 
to mineralize organic substances, as well as low efficiency 
in the treatment of some types of dyes [5–7]. Therefore, the 
need to find advanced and inexpensive technology has 
arisen, and some of the experiments are focused on the use 
of nanomaterials [8,9]. 

Methylene blue (MB) is a cationic heterocyclic thiazine dye, 
which could be considered to be one of the most commonly 
used model pollutants in studies of dye removal [10]. 
Although MB is used in medicine and biology, at elevated 
concentrations it can cause serious side effects such as eye 
burns, nausea, vomiting, and methemoglobinemia in 
humans, and is harmful for aquatic organisms [10]. Due to 
its well characterized structure, significant visible 
absorbance (λmax ≈ 664 nm), as well as common industrial 
application, MB is an ideal tester dye for testing the 
performance of novel adsorbents and catalyst materials 
[11,12], hence it was selected as a model dye for the present 
study. 

Nanotechnology has made possible the development of new 
methods of water purification due to the special 
characteristics of nanomaterials which demonstrate a high 
surface-to-volume ratio and a great number of 
active/adsorption sites [13,14]. Iron oxide-based 
nanoparticles are particularly promising due to their low 
cost, environmental safety, high stability, and 
superparamagnetic properties that enable the re-use of the 
spent nanoparticles through their recovery using an external 
magnet instead of through filtration or centrifugation [15–
17]. 

The traditional method of preparing Fe₃O₄ nanoparticles 
involves the co-precipitation of Fe²⁺ and Fe³⁺ salts at 
alkaline conditions, mainly due to its convenience, 
reproducibility and scalability as compared to other 
techniques such as hydrothermal, sol-gel or thermal-
decomposition methods [14,18]. Despite the advantages of 
the conventional preparation method, bare Fe₃O₄ 
nanoparticles have a limited efficiency in the removal of 
dyes and have the tendency of aggregation, which reduces 
the active sites available for reactions [14,15]. Therefore, 
magnetite is being doped with certain metals or metal oxides 
such as Cu, Ag, Zn, Mn and Co that leads to the formation 
of bimetallic/capsulated nanostructures, thus improving the 
properties with respect to reactivity and adsorption [15,19]. 

The process of incorporating copper into iron oxide lattices 
makes both Fenton wholesale and photo-Fenton pathways 
possible for the dye degradation process; indeed, the redox 
cycling of Cu²⁺/Cu⁺ produces more reactive oxygen species 
[20–22]; the silver modification increases reactivity of 
surface materials, provides antimicrobial action and 
functions as the electron acceptor, which means it can 
suppress electron-hole recombination in the systems 
combining photocatalytic and adsorptive processes [23–25]; 

the zinc addition into the framework of magnetite 
contributes to changes in optical band gap and hydroxyl 
density of the surface, thus causing either increase or 
decrease/change in the efficiency of methylene blue 
removal, accordingly to height of Zn loading and synthesis 
conditions [26,27]. There are indeed only quite limited 
comparative side-by-side research studies of synthesis of 
Fe₃O₄, Fe-Cu, Fe-Ag and Fe-Zn nanoparticles using 
controlled co-precipitation method and assessing them on 
the same dye within the same experimental conditions as to 
the contact time, dosage, concentration, pH and reusability. 

Research gap:  

Most previous studies compared only one modified 
magnetite system (e.g. specific Fe–Cu or Fe–Zn) with 
methylene blue or some other dye [20,26] which 
complicates any comparison as to the use of different dopant 
metals due to differences in the synthesis conditions, dopant 
loading, characterization protocols, etc. Therefore, there is 
a need for systematic and consistent comparative research 
that uses the same method to synthesize the original Fe₃O₄ 
and its modified by Cu, Ag and Zn forms, as well as subject 
them to the same characterization techniques and method of 
dye removal. 

Aim of the present study:  

In this study, we will focus on synthesizing iron oxide 
nanoparticles with three different bio plutonium 
composites. The first objective is to synthesize 
nanoparticles of iron oxide in the form of iron oxide copper 
(Fe–Cu), iron oxide silver (Fe–Ag), and iron oxide zinc (Fe–
Zn) using a common chemical co-precipitation process. The 
second objective is to characterize the synthesized 
nanoparticles using techniques like X-ray diffraction 
analysis, scanning electron microscopy, transmission 
electron microscopy, Fourier transform infrared 
spectroscopy as well as ultraviolet and visible spectroscopy. 
The third objective is to measure and compare the 
performance of each of these nanoparticles for the 
decolorization of methylene blue based on time, total dose 
of nanoparticles used for the experiment, initial 
concentration of dye and pH of the solution. 

2. Materials and Methods 

Chemicals and reagents 

In the course of the experiment, various substances were 
utilised. These included six-hydrate ferric chloride 
(FeCl₃·6H₂O), four-hydrate ferrous chloride (FeCl₂·4H₂O), 
dihydrate copper (II) chloride (CuCl₂·2H₂O for the 
synthesis of Fe–Cu), silver nitrate (AgNO₃ for the synthesis 
of Fe–Ag), zinc chloride (ZnCl₂ for the synthesis of Fe–Zn), 
ammonium hydroxide solution (NH₄OH 28% w/w), sodium 
hydroxide (NaOH), hydrochloric acid (HCl), and methylene 
blue dye. Additionally, the experiment utilised double-
distilled/deionized water. Sigma-Aldrich was the provider 
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of all of the chemicals, which were classified as analytical 
reagents (AR). 

Synthesis of Fe₃O₄ nanoparticles 

The building process of Fe₃O₄ nanoparticles used the 
chemical co-precipitation method [12,18,26]. 2.7 grams of 
FeCl₃·6H₂O and 1.0 gram of FeCl₂·4H₂O was dissolved in 
100 mL of deionized water at a molar ratio of 2:1 (for 
Fe³⁺:Fe²⁺), under prevailing mechanical stirring at a 
temperature of 80 °C. The ammonium hydroxide solution 
was carefully poured into the mixture until the pH achieved 
10 and an immediate black precipitate formed. The mixture 
then underwent further stirring for one hour. After that, the 
solid was separated by means of an external permanent 
magnet, thrice washed with deionized water and ethanol, 
until the resulting washings had a neutral pH, and finally 
dried in a vacuum oven at temperature 60 °C. 

Preparation of Fe–Cu nanoparticles 

As previously described in section 2.2, bimetallic Fe-Cu 
nanoparticles were prepared after adding 0.43 g of copper 
(II) chloride dihydrate to Fe3+/Fe2+ solution at a 1:8 molar 
ratio of Cu and Fe before the alkaline precipitation [20]. The 
reaction mixture was agitated at 80 °C for 60 min and 
ammonium hydroxide was added in a slow continuous 
manner until the reaction medium reaches a pH equal to 10. 

Preparation of Fe–Ag nanoparticles 

Bimetallic nanoparticles of Fe-Ag were created by putting 
0.34 g of the AgNO₃ solution into the precursor solution of 
Fe³⁺/Fe²⁺ at the molar ratio of Ag:Fe at 1:8 while preventing 
direct light from reaching Ag⁺ [23]. Co-precipitation was 
triggered by adding ammonium hydroxide dropwise until a 
pH of 10 was achieved at 80 °C for 60 min. The residue was 
collected with a magnet and washed with deionized 
water/ethanol and dried at 60 °C for 12 hours. 

Preparation of Fe–Zn nanoparticles 

To manufacture Fe-Zn bimetallic nanoparticles, 0.33 g of 
ZnCl₂ was mixed into Fe³⁺ and Fe²⁺ solution at a molar ratio 
of Zn to Fe of 1 to 8, then ammonium hydroxide was added 
dropwise while stirring constantly for 80 °C until the pH of 
the mixture reached 10 [26]. The formed product was then 
kept aside for 60 minutes, collected using an external 
magnet, washed to neutralize the pH, and dried at 60 °C for 
12 hours. 

Characterization 

The crystal structure and phase purity were studied using 
powder X-ray diffraction (XRD, Rigaku Miniflex 600), 
which used Cu Kα radiation (λ = 1.5406 Å) and operated at 
40 kV and 15 mA. The average crystallite size was 
determined by solving the Debye–Scherrer equation [28]. 
The surface morphology was observed using a scanning 
electron microscope (SEM, JEOL JSM-IT200), operating at 
15 kV. Particle size and shape measurements were 
performed with a transmission electron microscope (TEM, 

JEOL JEM-2100F) operating at 200 kV, with size 
distributions obtained by analysing 150 randomly selected 
particles in each sample using ImageJ software [29]. FTIR 
spectroscopy measurements (Shimadzu IRTracer-100, KBr 
pellet method) were done in the range of 4000–400 cm⁻¹. 
The concentration of residual MB was measured using UV-
Visible spectroscopy (Shimadzu UV-2600) monitoring at 
λmax = 664 nm. 

Preparation of methylene blue solution: We made a 1000 
mg/L stock solution of MB using deionized water. Then, we 
diluted this stock solution to get working solutions ranging 
from 10 to 100 mg/L right before each experiment. 

Batch decolorization experiments: A known number of 
nanoparticles was introduced to 50 ml of MB solution in a 
closed conical flask. It was shaken on an orbital shaker at 
200 rpm and 25 °C (± 1 °C) in the dark. At scheduled times, 
aliquots were taken and the nanoparticles were removed by 
magnetism and the dye concentration determined using 
spectrophotometry. 

Effect of contact time: Samples were collected at 5, 15, 30, 
60, 90, and 120 minutes. Throughout the sampling, the 
dosage was kept at 0.8 g/L, the initial concentration at 50 
mg/L, and the pH at 7.0. 

Effect of nanoparticle dosage: They changed the dosage 
amount from 0.2 to 1.2 g/L. They kept the starting 
concentration at 50 mg/L, the contact time at 90 minutes, 
and the pH at 7.0 the same. 

Effect of initial dye concentration: The initial 
concentration of MB was tested from 10 to 100 mg/L. The 
pH was kept at 7.0, and the optimal dosage and contact time 
were used. 

Effect of pH: The pH of the solution was changed from 3 to 
11 using 0.1 M HCl or NaOH [30]. All other settings were 
kept at their best levels. 

Reusability study: The nanoparticles were collected using 
a magnet after each cycle. Then, they were rinsed with 
ethanol, dried at 60 degrees Celsius, and used again in the 
same way for five cycles in a row. 

Calculation of dye removal: Percentage decolorization and 
equilibrium adsorption capacity were calculated as:  

% Removal = [(C₀ − Cₜ)/C₀] × 100 

qₑ = [(C₀ − Cₑ) × V]/m 

3. Results and Discussion 

3.1 XRD analysis 

A few instances of powder X-ray diffraction patterns for 
Fe2O3 nanoparticles, Fe–Cu nanoparticles, Fe–Ag 
nanoparticles, and Fe–Zn nanoparticles are shown in Figure 
1. The diffraction pattern of pure Fe2O3 displays peaks that 
are characteristic of x-ray diffraction of the cubic inverse 
spinel structure of magnetite (JCPDS 19-0629) [12,26]. 
These peaks may be seen at planes (220), (311), (400), 
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(422), (511), and (440), respectively. These peaks are 
representative of the diffraction pattern that was seen. 
Copper oxide may be identified by observing the 
displacement of the (311) peak in the Fe–Cu sample and the 
emergence of a small peak at 2θ = 35.5–38.7° [19,20]. This 
can be used to identify the formation of copper oxide. A 
sample of Fe–Ag demonstrates the existence of strong peaks 
in the area of 2θ ≈ 38.1° and 44.2°, which serves as evidence 
for the presence of metallic Ag (JCPDS 04-0783) [23,31]. 
The integration of zinc into the lattice is shown by the 
diffraction pattern of the Fe–Zn sample, which exhibits a 

broadening of the peak [26]. Additionally, there is some 
displacement. Furthermore, the pattern demonstrates that 
the formation of the spinel phase of ZnFe2O3 is a potential 
outcome [27]. In accordance with the increasing surface 
area of this sample and the growing efficiency in the process 
of decolorisation, the values of the crystallite sizes that are 
summarised in Table 1 reveal that the Fe–Cu sample has the 
smallest crystallite size, which is 9.0 nm [28]. This is in 
conformity with the fact that the surface area of this sample 
has grown. This is made abundantly clear by the fact that 
the sample of interest has the greatest surface area. 

Table 1. XRD peak positions, d-spacing and crystallite size of synthesized nanoparticles 

Sample 2θ (°) [main 
peak] 

d-spacing 
(Å) 

FWHM (°) Crystallite size, D 
(nm) 

Phase identified 

Fe3O4 35.45 2.530 0.82 12.1 Cubic spinel Fe3O4 
Fe–Cu 35.52 2.525 1.10 9.0 Spinel Fe3O4 + CuO 
Fe–Ag 35.42 2.532 0.71 14.0 Spinel Fe3O4 + 

metallic Ag 
Fe–Zn 35.48 2.528 0.98 10.1 Spinel Fe3O4 + 

ZnFe2O4 
 

 
Figure 1. XRD patterns of Fe3O4, Fe–Cu, Fe–Ag and Fe–Zn nanoparticles, indexed to the cubic inverse-spinel 

structure of magnetite; peak positions plotted from Table 1. 

3.2 SEM analysis 

Micrographs taken with a scanning electron microscope 
(Fig. 2) show surface characteristics and the aggregation of 
particles. The initial Fe2O3 nanoparticles begin to 
agglomerate as a result of their high surface energy, which 
causes the particles to accumulate in clusters as a result of 
the magnetostatic interactions that occur between the 
molecules [18]. The Fe–Cu nanoparticles that are generated 

have a structure that is flaky and porous, which indicates 
that they will have a greater surface area that is accessible 
to them. It is possible to see the Fe–Ag nanoparticles, which 
consist of tiny brilliant particles (Ag nanoparticles) that are 
positioned on top of bigger Fe₃O₄ particles [25]. A more 
uniform and somewhat elongated spherical shape that is less 
agglomerated is shown by the Fe–Zn nanoparticles in 
comparison to the clean Fe₃O₄ particles. 
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Figure 2. Surface morphology of (a) Fe₃O₄, (b) Fe–Cu, (c) Fe–Ag, and (d) Fe–Zn nanoparticles. 

3.3 TEM analysis 

The information provided in TEM images (Fig. 3) presents 
higher-resolution data about the particle size and 
distribution of the materials. The average sizes of the 
particles are summarized in Table 2. The Fe–Cu 
nanoparticles are the smallest in size, having an average of 

9.8 nm, which is also corroborated by the XRD data [28]. 
The Fe–Ag nanoparticles have a core-decoration 
morphology consisting of small Ag nanoparticles that are 
around 5 nm in size attached onto Fe₃O₄ cores of around 15 
nm in size [31] that give a larger average particle size for 
this sample. The images indicate quasi-spherical shapes for 
all of the samples. 

Table 2. Particle size distribution from TEM analysis 

Sample Particle shape No. of particles 
measured 

Mean particle size 
(nm) 

Standard 
deviation (nm) 

Fe3O4 Quasi-spherical 150 13.2 2.1 
Fe–Cu Quasi-spherical 150 9.8 1.5 
Fe–Ag Core-decoration 150 15.1 2.5 
Fe–Zn Quasi-spherical 150 10.9 1.8 

 

 
Figure 3. Particle morphology of (a) Fe₃O₄, (b) Fe–Cu, (c) Fe–Ag, and (d) Fe–Zn, with corresponding particle-size 

distributions (n = 150; Table 2) 

3.4 FTIR analysis 
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The existence of surface functionalization’s and the 
occurrence of Fe–O bonding are shown by the FTIR spectra, 
which can be seen in Figure 4. Table 3 also reveals the 
presence of surface functionalization’s. The significant peak 
that was discovered at around 586 cm⁻¹ may be related to 
the stretching of the Fe–O bond at the tetrahedral sites 
[12,32], whilst the peak that was identified at 448 cm⁻¹ may 
be an indication of the presence of octahedral sites. The 

presence of surface hydroxyls and water, respectively, at 
about 3420 cm⁻¹ and 1630 cm⁻¹ correlates to the peaks that 
were detected at those exact frequencies. As for the 
bimetallic samples, the peaks from Cu–O can be seen at 524 
cm⁻¹, Ag–O at 555 cm⁻¹, and Zn–O at 435 cm⁻¹. This serves 
as confirmation that the inclusion of the other metals has 
been successfully performed. 

Table 3. FTIR peak positions and functional-group assignments 

Wavenumber (cm⁻¹) Assigned functional group / bond Observed in 
sample(s) 

~3420 O–H stretching (adsorbed water / surface 
hydroxyl) 

All samples 

~1630 H–O–H bending (adsorbed water) All samples 
~586 Fe–O stretching (tetrahedral site) All samples 
~448 Fe–O stretching (octahedral site) All samples 
~524 Cu–O stretching Fe–Cu 
~555 Ag–O / Ag-related band Fe–Ag 
~435 Zn–O stretching Fe–Zn 

 

 
Figure 4. FTIR spectra of Fe3O4, Fe–Cu, Fe–Ag and Fe–Zn nanoparticles, stacked for clarity; peak positions 

plotted from Table 3. 

3.5 Effect of contact time 

The proportion of MB colour removal over time is shown in 
Table 4 and Figure 5, respectively. Because there were a 
considerable number of vacant active sites at the beginning 
of the experiment (between 0 and 30 minutes), the 
decolorisation process moved forward quite fast with the 

experiment [33,34]. However, once equilibrium was 
established, this rate saw a considerable reduction. In terms 
of equilibrium time, Fe-Cu was the fastest (60 minutes), 
whereas Fe2O3 took the longest (90 minutes). In actuality, 
balance was reached in every system after a period of ninety 
minutes. 

 

Table 4. Effect of contact time on % decolorization of methylene blue (Dosage = 0.8 g/L, C0 = 50 mg/L, pH 7) 

Time (min) % Removal – 
Fe3O4 

% Removal – Fe–
Cu 

% Removal – Fe–
Ag 

% Removal – Fe–
Zn 
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5 28.4 45.2 39.1 34.8 
15 51.6 72.8 65.4 58.9 
30 68.3 88.4 81.2 74.6 
60 76.9 95.8 89.5 84.1 
90 78.2 96.4 93.8 88.5 
120 78.3 96.5 94.0 88.6 

 

 
Figure 5. Effect of contact time on decolorization efficiency of Fe3O4, Fe–Cu, Fe–Ag and Fe–Zn. 

3.6 Effect of nanoparticle dosage 

A visual representation of the influence that dose has on the 
degree of decolorisation can be seen in Table 5 and Figure 
6. Tilting above 0.8 g/L resulted to diminishing returns 

because the active sites were blocked by the aggregation of 
particles [30,35]. However, increasing the dose up to 0.8 g/L 
led to a gain in efficiency because of the increased number 
of active sites that were accessible. 

 

Table 5. Effect of nanoparticle dosage on % decolorization of methylene blue (Time = 90 min, C0 = 50 mg/L, pH 
7) 

Dosage (g/L) % Removal – 
Fe3O4 

% Removal – Fe–
Cu 

% Removal – Fe–
Ag 

% Removal – Fe–
Zn 

0.2 42.1 61.4 55.8 48.2 
0.4 58.9 78.5 72.4 65.8 
0.6 71.2 89.6 84.5 79.1 
0.8 78.2 96.4 93.8 88.5 
1.0 78.8 96.7 94.1 88.9 
1.2 79.0 96.8 94.2 89.0 
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Figure 6. Effect of nanoparticle dosage on decolorization efficiency. 

3.7 Effect of initial dye concentration 

It is possible to see the influence of the initial MB 
concentration by referring to either Table 6 or Figure 4, 
accordingly. Because of the quick saturation of the 
restricted active sites that occur at high dye concentrations 

[34,36], the percentage of decolorisation reduced as the 
starting concentration climbed from 10 mg/L to 100 mg/L. 
It was because of the high dye concentration that this 
happened when the adsorption dosage was maintained at 0.8 
g/L throughout the experiment. 

 

Table 6. Effect of initial dye concentration on % decolorization (Dosage = 0.8 g/L, Time = 90 min, pH 7) 

Initial conc. 
(mg/L) 

% Removal – 
Fe3O4 

% Removal – Fe–
Cu 

% Removal – Fe–
Ag 

% Removal – Fe–
Zn 

10 95.4 99.8 99.1 97.5 
25 88.2 98.5 97.2 94.1 
50 78.2 96.4 93.8 88.5 
75 62.5 89.4 84.6 78.2 
100 48.1 78.8 72.5 65.4 
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Figure 7. Effect of initial dye concentration on decolorization efficiency.

 

3.8 Effect of pH 

Each Table 7 and Figure 8 illustrate the relevance of pH in 
the process of MB decolorisation. Both of these figures may 
be seen here. The degree of decolorisation grew in a way 
that was consistent with pH, and it reached its greatest value 
at pH 9. This was due to the fact that MB is a cationic dye 
[7]. The surface of the nanoparticles acquired a large 
negative charge that was greater than its point of zero charge 

when the pH level was increased over this threshold. This 
charge led to the nanoparticles acquiring a higher charge. 
This was one of the elements that contributed to the 
attraction that could be seen between the big molecules and 
the excess charge that was present on the surface. Surface 
protonation, electrostatic repulsion, and partial dissolution 
of nanoparticles were the factors that led to the decrease in 
efficacy in conditions that were very acidic (pH 3) [30]. On 
the other hand, the effectiveness decreased when the pH 
level was so high. 

 

Table 7. Effect of pH on % decolorization of methylene blue (Dosage = 0.8 g/L, Time = 90 min, C0 = 50 mg/L) 

pH % Removal – 
Fe3O4 

% Removal – Fe–
Cu 

% Removal – Fe–
Ag 

% Removal – Fe–
Zn 

3 24.5 38.2 35.4 29.8 
5 58.4 74.5 69.2 64.1 
7 78.2 96.4 93.8 88.5 
9 82.5 98.4 95.2 91.0 
11 80.1 97.9 94.8 90.2 
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Figure 8. Effect of pH on decolorization efficiency. 

3.9 Comparative decolorization efficiency 

According to the findings of a direct comparison of 
maximum decolorisation efficiency under optimal 
circumstances, the results are shown in Table 8 and Figure 
9. Additionally, the Fe–Cu bimetallic alteration was the 
most effective bimetallic modification used in the method, 

with a decolorisation efficiency that reached 98.4 percent at 
pH 9. In this particular instance, the favourable outcomes 
seem to be a consequence of the smallest crystallite size, the 
highest surface area, and the Fenton-like redox cycling of 
Cu²⁺/Cu⁺, which is accountable for the production of 
reactive oxygen species [20]. 

 

Table 8. Comparative maximum decolorization efficiency under optimum conditions 

Sample Optimum dosage 
(g/L) 

Optimum 
pH 

Optimum time 
(min) 

Maximum % 
removal 

Rank 

Fe3O4 0.8 9 90 82.5 4 
Fe–Cu 0.8 9 90 98.4 1 
Fe–Ag 0.8 9 90 95.2 2 
Fe–Zn 0.8 9 90 91.0 3 
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Figure 9. Comparative maximum decolorization efficiency of Fe3O4, Fe–Cu, Fe–Ag and Fe–Zn nanoparticles.

 

3.10 Reusability of nanoparticles 

The concept of reusability was illustrated in Table 9 and Fig. 
10 through different cycles. Fe–Ag showed the best 
reusability with 92.1% efficiency after the five cycles most 
likely because the metallic Ag can maintain structural 
integrity on the magnetite support and is commonly resistant 

to leaching [31]. However, even though Fe–Cu showed the 
best initial efficiency among them, the decline rate in its 
performance was observed to be the steepest at 88.5%. This 
is probably because Cu²⁺ sites were consumed, and the 
degradation intermediates affected some passivation of the 
Fe–Cu [22]. In the case of Fe₃O₄, the decrease was the 
biggest, paving the way to a 65.2% efficiency decrease 
through five cycles [34,35]. 

Table 9. % Decolorization efficiency of nanoparticles over successive reuse cycles 

Cycle number % Removal – 
Fe3O4 

% Removal – Fe–
Cu 

% Removal – Fe–
Ag 

% Removal – Fe–
Zn 

1 82.5 98.4 95.2 91.0 
2 77.4 95.8 94.5 88.2 
3 72.8 93.1 93.8 85.9 
4 68.5 90.6 93.1 83.4 
5 65.2 88.5 92.1 80.8 

 

 
Figure 10. Reusability of Fe3O4, Fe–Cu, Fe–Ag and Fe–Zn nanoparticles over five successive cycles. 

3.11 Kinetic analysis 

An investigation of the kinetics of Mb decolorisation was 
carried out using pseudo-first-order and pseudo-second-
order models [37,38], with the values that were found to be 
most suitable being reported in Table 10. With the derived 
computed values of qe (qe,cal) and experimental (qe,exp) 
values of a comparable nature, all four nanomaterials that 
were examined for the research produced extremely high 

coefficients of correlation (R2 > 0.998) when the pseudo-
second-order model was used. This was in contrast to the 
pseudo-first-order model, which had a coefficient of 
correlation that was much lower. According to this, the rate-
determining step seems to be a chemisorption process that 
involves certain forces of valence in terms of the transfer or 
sharing of electrons between the dye compounds and the 
surfaces of nanoparticles [30,39]. 

 

Table 10. Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic parameters 

Sample qe,exp 
(mg/g) 

PFO k1 
(min⁻¹) 

PFO qe,cal 
(mg/g) 

PFO R² PSO k2 (g 
mg⁻¹min⁻¹) 

PSO qe,cal 
(mg/g) 

PSO R² 

Fe3O4 10.31 0.0452 6.24 0.891 0.0121 10.52 0.998 
Fe–Cu 12.30 0.0684 7.85 0.914 0.0179 12.48 0.999 
Fe–Ag 11.90 0.0612 7.11 0.902 0.0155 12.08 0.999 
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Fe–Zn 11.06 0.0538 6.58 0.898 0.0138 11.24 0.998 

Discussion 

The outcomes obtained from X-ray diffraction (XRD), 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and Fourier transmission infrared 
spectroscopy (FTIR) yield a clear structure–activity 
relationship among the four nanoparticle types. The finer 
crystallite and particle size of Fe–Cu (9.0 nm by XRD; 9.8 
nm by TEM) implies higher surface area and higher 
efficiency of decolorization since availability of more active 
centers leads to higher dye absorption. Unusual core-
decoration structure of Fe–Ag with small Ag particles on the 
large Fe3O4 core corresponds to intermediate particle size 
and relatively longer reusability since Ag is observed to 
resist leaching better than Cu active particles [22,31]. FTIR 
confirmation of Cu–O, Ag–O, and Zn–O bands alongside 
Fe–O bands provides a proof that the dopant metals are 
genuinely incorporated into the structure of magnetite rather 
than physically blended, which justifies the fact that 
structural variations explain differences in performance of 
decolorization. 

The influence of contact time, dose, concentration and pH 
level has been shown to behave in accordance with a 
surface-adsorption reaction [30,33]. When a rapid 
decoupled occurred in the beginning, that was followed by 
a plateau. This efficiency was achieved at a relatively 
shorter time in the process of Fe-Cu which can be explained 
by the quite considerable surface area with the sample [21]. 
The dosage response that was found demonstrated an 
efficiency until 0.8 g/L of the dosage after which the 
efficiency was still maintained across tests. That can be 
explained by a common effect of the magnetic nanoparticles 
such as that the availability of active sites grows when the 
dosage is low, while at high dosages the interactions 
between adsorbent particles become stronger [24,26]. It can 
also be concluded that between the initial concentration of 
dye and the percentage of removal, the inverse relationship 
exists. 

The pH dependence information gives a clear insight into 
the mechanics involved. Due to the positive charge of MB, 
the sudden increase in efficiency recorded between pH 3 and 
pH 9 is linked with change in charge nature of the surface 
of nanoparticles, which becomes negative after crossing 
zero-point charge thus attracting positively charged dye [7]. 
Low efficiency found during the tests at low pH (pH 3) can 
be easily explained by the fact that there are two effects that 
occur at the same time — protonation of surface hydroxyl 
groups and partial dissolution of iron oxide under acidic 
conditions [13]. The considerable discrepancy between pH 
11 and pH 9 indicates that the system has attained its 
optimum but remains unchanged. 

The observed order of effectiveness confirmed by the results 
(Fe–Cu > Fe–Ag > Fe–Zn > Fe3O4) is best explained by 

considering two major factors of equal importance: the 
purely physical factor of enhanced surface area/reduction in 
particle size (common factor for the three binary systems) 
and the chemical factor typical for particular dopant. The 
idea about the additional Fenton-like reactions of Cu²⁺/Cu⁺ 
can be regarded as a reason for the formation of oxidants 
over and above the electrostatic adsorption of Fe–Cu, which 
enables a noticeable impact of this system, greater than 
predicted by the mere improvement of performance related 
to particle-size reduction [19]. For iron and silver 
composites, the better removal of pollutants likely comes 
from changes to the material's surface and how its electrons 
behave [23,24]. The improved elimination effectiveness of 
Fe–Ag may be primarily attributable to the changed surface 
and electronic characteristics of the composite. These 
qualities may encourage dye adsorption and interfacial 
interactions rather than a normal Fenton-type redox process 
[40]. This is the case in the case of Fe–Ag. 

The reuse results confirm the mechanistic differences rather 
than rank the four materials a second time. Although Fe–Cu 
was the best active material in the first cycle, it has shown 
the highest drop in usability (98.4% → 88.5%), which 
means that the property that allowed it to be this effective is 
actually harming its longevity because these sites are getting 
consumed or passivated over time [20,22]. On the other 
hand, Fe–Ag has shown a smaller drop in usability (95.2% 
→ 92.1%), which shows that it has more stable redox 
properties and the active materials are probably less reactive 
[25,31]. This creates an interesting trade-off from the point 
of view of real-life applications: Removing the dye worked 
best at around pH 9. When we raised the pH higher, from 9 
up to 11, the removal efficiency dropped, meaning it didn't 
get any better and actually got worse [4,9]. 

The pseudo-second-order model provides a more favorable 
outcome (R^2 > 0.998) than the pseudo-first-order model, 
and it confirms the fact that chemisorption is the rate-
limiting step [38,39] since both electron transfer between 
dye molecules and nanoparticles occurs. This confirms the 
pH and dopant effects discussed above and supports the 
assumption that the interaction occurs between MB and 
magnetite surfaces thereby physically immobilizing it on 
the surface which results in the conclusion that bimetallic 
modifications lead to the development of new adsorption 
sites existing number of them. 

5. Conclusions 

Fe₃O₄ nanoparticles and their Bimetallic derivatives with 
Cu, Ag, and Zn were synthesised utilising the co-
precipitation technique, a straightforward way for studying 
their structural, morphological, and dye decolorisation 
properties. Cu had a minimum crystallite size of 9.0nm and 
a particle size of 9.8nm, whereas Ag had a distinct core-
decoration morphology. Fourier transform infrared (FTIR) 



SYNTHESIS AND CHARACTERIZATION OF BIMETALLIC MAGNETITE NANOPARTICLES (FE–CU, FE–AG, FE–ZN) FOR 
DECOLORIZATION OF SYNTHETIC DYES 

 
 

 IJDDT Volume 16 Issue 87s 2026 Page: 1939 

spectra confirmed the Fe-O bond with the secondary metal-
oxygen bond. Fe-Cu nano-material had the highest 
methylene blue dye decolorisation (98.4%) at optimal 
circumstances (0.8 g/L, pH 9, 90 min), followed by Fe-Ag, 
Fe-Zn, and Fe₃O₄ with 95.2%, 91%, and 82.5%, 
respectively. The nanomaterial Fe-Cu's large surface area 
and synergetic Fenton-like redox activity explain its high 
activity. The study's kinetics demonstrate that pseudo-
second order model decolorises all nanomaterials. 
Reusability tests showed that Fe–Ag was structurally and 
functionally stable, with 92.1% efficiency after five repeats. 
The comparison technique successfully elucidates the 
structure–activity connection of uncoated and modified 
magnetite nanoparticles with fluorinated and non-
fluorinated pigments. 

Future studies could use similar comparative methodology 
on anionic and azo dyes and textile wastewater verify the 
contribution of each bimetallic system to photocatalytic 
processes under UV-light and visible light, including band 
gap calculation via Tauc-plot analysis and study process 
nature (radical-scavenging tests and X-ray photoelectron 
spectroscopy). 
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