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significant dye concentrations (10–100 mg/L) (Ahmad and 
Alrozi 2011). The research shows that 15–20% of the dye 
materials used in these industries enter the sewage (Lakk-
aboyana et al. 2021). Dyes have aromatic structures and 
can absorb light (at 350 < λ < 700 nm) (Zinatloo-Ajabshir et 
al. 2019). The discharge of dye-containing wastewater into 
aquatic ecosystems damages natural landscapes (Bayat et 
al. 2018; Mohassel et al. 2018; Zhang et al. 2013; Zinatloo-
Ajabshir, Morassaei, Amiri, Salavati-Niasari, et al., 2020). 
Mostly dye materials have one or more benzene rings, 
which can cause irreparable damage due to their toxicity. 
MO anionic dye is in the category of azo dyes, which is 
used in textile, food, printing, and pharmaceutical sectors. 
MO can cause problems for human health and the environ-
ment because of the having − N = N− bonds and low biode-
gradability. This dye is very toxic and resistant to light and 
washing, and does not decompose easily. The role of dyes 
in industrial wastewater is significant, and their degradation 
rate is low. We are interested in destroying dyes because 
of their adverse effect on human life. Removing toxin dyes 
from the environment and water is an urgent need. Most 
dyes used in industries do not degrade because they create 
strong complexes.

Introduction

Water pollution seriously affects human health due to the 
presence of toxic pollutants and the wastewater discharge 
(including urban and industrial wastewater) (Beshkar et al. 
2022; Krishna et al. 2019; Losetty et al. 2024; Mousavi-
Kamazani 2019; Rahmatolahzadeh et al. 2017; Zinatloo-
Ajabshir et al. 2020a, b). Wastewater containing dyes is 
discharged from many industries, including cosmetics, 
textiles, paper, agriculture, wood, plastic, and leather. This 
creates serious environmental problems (Etana et al. 2025). 
Among them, the textile industry is the largest consumer 
of dyes and produces a high volume of wastewater with 
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Methods such as ion exchange, membrane filters, coagu-
lation and flocculation, and oxidation, which are common 
wastewater treatments, are unsuitable for dye removal 
(Fayad et al. 2025). On the other hand, these methods pro-
duce significant amounts of sludge (Madrakian et al. 2013; 
Thamer et al. 2023). The surface adsorption process is one 
of the methods used in treatment, mainly when activated 
carbon is used as the adsorbent (Guo et al. 2025).

Activated carbon has been widely used to remove organic 
pollutants due to its high adsorption capacity, favorable 
physical properties, and high efficiency (Carreño Hernán-
dez et al. 2025). However, its application faces limitations 
due to certain drawbacks, such as the difficulty in separat-
ing powdered activated carbon, challenges in regeneration, 
and high costs (Chen et al. 2025). Recently, nanocomposites 
have been widely studied for wastewater treatment appli-
cations (Amini et al. 2021; Ghiyasiyan-Arani et al. 2017; 
Karimi Anjiraki et al. 2024; Monsef et al. 2021; Zinatloo-
Ajabshir and Salavati-Niasari 2019). Among these, manga-
nese-based ternary metal oxides have attracted significant 
research interest (Sharma and Sharma 2020). Various types 
of spinel metal oxides and their nanocomposites have been 
reported in the literature (Chani et al. 2019). These spinel 
metal oxide nanocomposites exhibit unique properties that 
make them effective adsorbents for dye removal.

The quaternized magnetic chitosan exhibited a very high 
adsorption capacity for methyl orange (486.13 mg/g) under 
optimized conditions, confirming the key role of chitosan 
in enhancing adsorption performance (Wang et al. 2025). 
In addition, MnO₂/chitosan nanocomposites were reported 
to effectively remove Cr(VI) from water, with adsorp-
tion driven mainly by electrostatic interactions and well 
described by the Sips isotherm (Dinh et al. 2020). Cross-
linked chitosan/MnFe₂O₄ nanocomposites have also been 
developed for U(VI) and Th(IV) adsorption, achieving 
high capacities and rapid kinetics (Alaqarbeh et al. 2023). 
In this study, leveraging the unique properties of NiMn2O4, 
CuMn2O4, and chitosan, we developed an effective strategy 
to enhance the adsorption capabilities of spinel metal oxides 
through their combination with chitosan for MO removal. 
The surface properties of the complexes can be modified 
and enhanced through functionalization with chitosan. Chi-
tosan is a non-toxic biopolymer with selective adsorption 
ability. Its unique structure and biological properties make 
it effective for removing pollutants from water (Sobhani 
2022, 2024). In this study, we report for the first time the 
successful preparation of Ni/Cu/CS nanocomposites. The 
reasons for choosing this topic are environmental concerns, 
the demand for green synthesis, and the design of new mate-
rials with high absorption performance. The development 
of nanocomposites through green and low-toxicity meth-
ods remains a challenge. In this work, the use of Allium 

cepa extract helps to solve this challenge. Many adsorbents 
reported in the literature suffer from slow kinetics and mod-
erate adsorption capacity. Achieving high capacity and 
ultra-fast adsorption is a critical challenge. Adsorption per-
formance is sensitive to operating conditions (pH, adsorbent 
dosage, and pollutant concentration). Identifying the optimal 
parameters through systematic design is essential but chal-
lenging. Translating the results from batch laboratory condi-
tions to real wastewater treatment scenarios remains an open 
challenge and requires further evaluation of recyclability 
and long-term stability. The novelty of this work lies in the 
development and synthesis of a novel chitosan-based nano-
composite material. Recent years have seen growing inter-
est in environmentally benign synthesis approaches, owing 
to their inherent safety, natural abundance, and operational 
simplicity. In this study, we report the novel application of 
Allium cepa as a green capping agent for the synthesis of 
spinel nickel oxide nanocomposites. This facile and scalable 
methodology demonstrates significant potential for exten-
sion to other spinel-type metal oxide systems.

This work is the first comprehensive study on the 
adsorption mechanism and removal efficiency of Ni/Cu/
CS nanocomposites for MO elimination. Detailed kinetic 
and isotherm analyses were performed. RSM was applied 
to optimize the experimental design, allowing model devel-
opment, process optimization, and variance analysis with 
fewer experiments. The adsorption capacity of the Ni/Cu/CS 
nanocomposites was evaluated using four well-established 
isotherm models: Langmuir (Zhang et al. 2021), Freundlich 
(Ahmadipouya et al. 2021), Temkin (Feng et al. 2021), and 
Dubinin-Radushkevich (Ahmad and Ansari 2021). The 
adsorption kinetics were examined using pseudo-first-order, 
pseudo-second-order, Elovich, and intraparticle diffusion 
models. These analyses clarified the mechanisms and iden-
tified key kinetic parameters.

Experimental

Materials and characterization

We purchased Mn (NO3)2.4H2O, Ni (NO3)2.6H2O, Cu 
(NO3)2.3H2O, NH3 solution (25%), chitosan, MO, sucrose, 
and ethanol from Merck. We applied a Philips X′pertPro dif-
fractometer with Ni-filtered Cu Kα radiation (λ = 1.54 Å) to 
investigate XRD patterns (X-ray diffraction) and a Tescan 
Mira3 FE-SEM microscope (Scanning Electron Micro-
scope) to identify the morphology and the percentage of 
the elements in the samples. Also, a Philips EM208 TEM 
microscope (Transmission Electron Microscope) with 200 
kV accelerating voltage was used to determine the mor-
phology accurately. The Evolution 300 and Nicolet IS 10 
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spectrophotometers from the Thermo Scientific American 
company were applied to study UV-Vis (UV-vis spectros-
copy) and FT-IR (Fourier-transform infrared spectroscopy) 
spectra, respectively. A Meghnatis Kavir Kashan Co VSM 
(Vibrating sample magnetometer) from Kashan of Iran was 
used to study the magnetic properties of the photocatalysts.

Synthesis of NiMn2O4

NiMn2O4 was prepared by using a simple hydrothermal 
method. Usually, this method will have reasonable control 
over the phase formation and composition of the products 
(Sobhani and Salavati-Niasari 2015). Ni (NO3)2.6H2O and 
Mn (NO3)2.4H2O were taken in a 1:2 ratio, as precursors. The 
Mn (NO3)2.4H2O solution was added to the Ni(NO3)2.6H2O 
solution. Then allium cepa (capping agent) was added and 
the obtained solution stirred for 15 min. Sucrose was also 
used to investigate the effect of the capping agent as shown 
in Table 1. In the next step, NH3 was added to adjust the pH 
(pH = 9). Then, the obtained solution was transferred into 
a stainless steel Teflon-lined autoclave. It was maintained 
at 180 ˚C for 12 h, and the obtained products were washed 
with water and ethanol and then dried at 60 ˚C. The final 
residue was annealed in a furnace at 850 ˚C for two h.

Synthesis of CuMn2O4

The procedure and the synthesis conditions for CuMn2O4 
(CMO, sample 3) have been described in the author’s pub-
lished paper in detail (Samadi Kazemi and Sobhani 2023).

Synthesis of NiMn2O4/CuMn2O4/chitosan 
nanocomposites as adsorbent

NiMn2O4/CuMn2O4/chitosan nanocomposites were syn-
thesized with 1:1:1 weight ratio of NiMn2O4, CuMn2O4 
and chitosan. For the adsorbent preparation, first the chi-
tosan was dissolved in acetic acid and distilled water, with 
a 1:10 ratio. Then NiMn2O4 prepared in this work (sample 
2) and CuMn2O4 prepared in our previous work (sample 3) 
were added into chitosan solution. After 24 h of stirring, the 
adsorbent was washed with water and ethanol. Then it was 
dried at 60 ˚C for four h. The different experiments for syn-
thesizing the adsorbent have been summarized in Table 1.

Adsorption experiments using the CCD model

We accomplished the response surface methodology of cen-
tral composite design (RSM − CCD) to optimize the MO 
adsorption onto the prepared adsorbent. Hence, pH, adsor-
bent dosage, MO concentration, contact time, and agita-
tion speed were investigated as the independent variables 
at three levels (− 1, 0, + 1), and the removal efficiency of 
MO was considered as the response factor. The levels of the 
three independent variables have been represented in Table 
2. In this research, we used Design-Expert software for data 
analysis. The software version was 13, Stat-ease, Inc., Min-
neapolis, MN, USA.

Table 1  The different conditions for the synthesis of NMO and Ni/Cu/CS adsorbents are discussed in this work
Sample Precursors Capping 

agent
Synthesis method pH T and t of 

hydrothermal
Product

1 Ni(NO3)2.6H2O + Mn(NO3)2.4H2O Sucrose Hydrothermal 9 180 ˚C, 12 h NiMn2O4/NiO
2 Ni(NO3)2.6H2O + Mn(NO3)2.4H2O Allium 

cepa
Hydrothermal 9 180 ˚C, 12 h NiMn2O4

Nanorods (diameter = 200–600 nm) 
Nanoparticles (diameter < 50 nm)

3 Cu(NO3)2.3H2O + Mn(NO3)2.4H2O Allium 
cepa

Hydrothermal 9 180 ˚C, 12 h CuMn2O4 [8]

4 Ni(NO3)2.6H2O + Cu(NO3)2.3H2O + 
Mn(NO3)2.4H2O

Sucrose Hydrothermal 9 180 ˚C, 12 h Cu + CuO + Cu2O

5 sample 2 + sample 3 + chitosan 
(1:1:2)

‒ Stirring for 24 h 
at RT

‒ ‒ Ni/Cu/CS nanocomposites
Agglomerated nanorods/nanostruc-
tures with irregular shapes

6 sample 2 + sample 3 + chitosan 
(2:1:3)

‒ Stirring for 24 h 
at RT

‒ ‒ Ni/Cu/CS nanocomposites
Agglomerated nanorods/nanostruc-
tures with irregular shapes

T Temperature, t Time, h Hour, RT Room temperature

Table 2  The factor levels in the RSM-CCD model
Factor Symbol Units Low High Level
Time A min 3.00 60.00 3, 30, 60
Adsorbent dose B gr/L 0.1000 1.0000 0.1, 

0.55, 1
pH C – 2.00 9.00 2, 5.5, 9
Agitation speed D rpm 100.00 500.00 100, 

300, 500
Initial 
concentration

E mg/L 0.1000 10.00 0.1, 5, 
10
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Result and discussion

XRD patterns

XRD technique was used for tracking the crystal structure, 
phase and purity of the samples. Figure 1 shows XRD pat-
terns of the products prepared via the hydrothermal method, 
in the presence of different capping agents, after calcination 
at 850 ˚C for two h. Figure 1a and b indicate the XRD pat-
terns of the products prepared from Ni and Mn salts with 
sucrose (sample 1) and allium cepa (sample 2). The prod-
ucts are crystalline and composed of NiMn2O4 and NiO for 
sample 1, as shown in Fig. 1a. The peaks at 18.49˚, 30.34˚, 
35.75˚, 37.31˚, 43.35˚, 53.87˚, 57.45˚, and 62.92˚ are in 
agreement with the cubic phase of NiMn2O4 (JCPDS No. 
01–074-1865) and correspond to diffractions from the (111), 
(220), (311), (222), (400), (422), (511) and (440) planes, 
respectively. The peaks of NiMn2O4 have been indexed 
with blue color in Fig. 1. Also, peaks at 37.31˚, 43.35˚, and 
62.92˚ exhibit the formation of cubic NiO with JCPDS No. 
01–075-0197. Three characteristic peaks of NiO have been 
marked with red color by their indices ((111), (200), and 
(220)) in Fig. 1a. All of the peaks in the diffraction pattern 
of Fig. 1b have been labeled. This figure shows the product 

Kinetic adsorption experiments

We used adsorption kinetic models to determine the adsorp-
tion rate and predict the process over time. The experiments 
were done in 8 beakers to investigate the effect of contact 
time on the MO removal from aqueous media. 1.2 g/L of 
adsorbent (Ni/Cu/CS) and 50 mL of the MO solution (con-
centration = 10 mg/L) were added to the beakers and pH at 
3 was adjusted. The solutions were stirred for 1 to 20 min. 
Then, by centrifuging, the Ni/Cu/CS was separated from the 
solution (4000 rpm for 5 min), and the residual concentra-
tion of MO in the solution was measured. The measurements 
were done using a UV–Vis spectroscopy at λmax = 464 nm.

Adsorption isotherm experiments

To determine the adsorption isotherm, 50 mL of MO solu-
tion (10 mg/L) was mixed with 1.2 g/L of adsorbent at pH 
3. The mixture was stirred at 300 rpm for 5 min using a 
shaker. The adsorption isotherm parameters of MO solution 
with adsorbent were calculated for different models. All 
tests were performed at ambient temperature. The results 
are written in Table 3.

Table 3  The parameters of the adsorption isotherms for MO adsorption on Ni/Cu/CS
Model Parameter Value
Langmuir;  1

qe
= 1

qmKLCe
+ 1

qm

qmax

(
mg g−1

) 416.67

KL

(
L mg−1

) 0.01

R2 0.9999

Freundlich; Ln qe = LnKf + 1
nf

LnCe

Kf

(
L mg−1

) 3.46

nf 4.12

R2 0.8407
Temkin; qe = β LnKT + β LnCe

KT

(
L mg−1

) 118.09

β 0.7864

R2 0.8909

Dubinin-Radushkevich; Lnqe = Lnqs − K

(
RT Ln

(
1 + 1

Ce

)2
)

qs

(
mg g−1

) 125.34

k
3.03

R2 0.9695
qm Maximum adsorption capacity, KL Langmuir equilibrium constant, nfand Kf Freundlich constants, β Temkin constant, KT Maximum energy 
band, ε Polanyi potential, qs Theoretical capacity at saturation state, T Absolute temperature, R Universal gas constant (8.314 J mol-1 K-1)
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Fig. 1  XRD patterns of the products 
prepared from Ni and Mn salts after 
calcination at 850 ˚C for two h: a sample 
1 (prepared with sucrose); b sample 
2 (prepared with allium cepa), and 
c sample 4 (prepared from Ni, Cu, and 
Mn salts with sucrose)
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time must be controlled; otherwise, amorphous phases may 
form.

SEM and TEM images

The morphology of the NiMn2O4 nanostructures and Ni/
Cu/CS nanocomposites was analyzed using SEM and 
TEM. The images were depicted in Figs. 3 and 4. The SEM 
images of NiMn2O4 (sample 2) are shown in Fig. 3a and b. 
In this figure, the nanorods with the diameter of 200–600 
nm and nanoparticles with diameters less than 50 nm can 
be observed. We also investigated TEM images of the sam-
ples. TEM images in Fig. 3c and d show that diameter of 
the NiMn2O4 nanorods is less than 50 nm. The electrostatic 
configuration and surface composition of as-prepared prod-
ucts were evaluated by EDS. The EDS spectrum of sample 
2 in Fig. 3e shows the presence of Ni, Mn, and O elements 
and confirms XRD results in Fig. 1b.

SEM images were also used to study the surfaces of 
the nanocomposites (absorbents). Figure 4a-d shows SEM 
images of synthesized Ni/Cu/CS nanocomposites with dif-
ferent ratios of Ni/Cu/CS. Figure 3a-d revealed that the pure 
NiMn2O4 displays agglomerated nanorods of regular shapes. 
Whereas, in SEM images of NiMn2O4 and CuMn2O4, added 

prepared in the presence of allium cepa is the pure NiMn2O4 
with the cubic crystal system and database in JCPDS card 
No. 01–074-1865. The peaks in this figure have been 
marked by their indices with blue color ((111), (220), (311), 
(222), (400), (422), (511) and (440)). In this research, we 
synthesized sample 4 using three metal salts, including Ni 
(NO3)2.6H2O, Cu (NO3)2.3H2O, and Mn (NO3)2.4H2O, as 
precursors. The reaction conditions for the synthesis of sam-
ple 4 have been listed in Table 1. XRD pattern of sample 4 
reveals formation of copper and copper oxides, as shown in 
Fig. 1c. The peaks in this figure are consistent with the data-
bases in JCPDS cards No. 01–074-1230, 01–080-1917, and 
01–085-1326 and reveal Cu2O, CuO, and Cu with cubic, 
monoclinic, and cubic phases. No diffraction peak from 
nickel and copper manganites was detected in this figure. 
Therefore, sample 4 was not considered as the optimal prod-
uct in this research.

Figure 2 shows the XRD patterns of samples 1 and 2 
before calcination. No considerable difference is observed in 
the XRD patterns of samples 1 and 2 before calcination. No 
diffraction peaks are observed, indicate amorphous struc-
tures in both as-synthesized samples before calcination. To 
obtain pure metal manganites, calcination temperature and 

Fig. 2  XRD patterns of samples 1 
and 2 before calcination
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The presence of chitosan as well as NMO and CMO 
peaks is observed from the XRD pattern of Ni/Cu/CS nano-
composite which is shown in Fig. 4e. This figure shows the 
XRD pattern of sample 6. The pattern of chitosan-coated 
NMO and CMO reveals clear diffraction peaks in the rela-
tive intensity of both chitosan and nanostructures. The typi-
cal peaks of the chitosan membrane appear at 10.4 ˚, 12.8 
˚, and 19.9 ˚ (Kumar et al. 2012). These peaks are weak-
ened and shifted in the XRD pattern of nanocomposites 
because the chitosan matrix is bound by nanostructures via 
the amine and hydroxyl groups. The presence of chitosan in 
the nanocomposites is observed at broad and weak peak at 
2θ value at about 20˚, as shown in Fig. 4e. The broad dif-
fraction peak refers to the successful decoration of chitosan 

chitosan, agglomerated nanorods and nanostructures of 
irregular shapes are shown due to the aggregation phenom-
enon caused by chitosan (Fig. 4a-d). Figure 4 shows that 
NiMn2O4 nanoparticles and nanorods are embedded in the 
chitosan and unveils the composite formation of Ni/Cu/CS. 
The figure shows deep and irregular cavities. These indi-
cate higher specific surface area, better energy distribution, 
and improved pollutant adsorption. Based on these images, 
it is found that the morphology of Ni/Cu/CS nanocompos-
ites with 1:1:2 (sample 5) and 2:1:3 (sample 6) W/W ratios 
of Ni/Cu/CS, is almost the same. It implies that the weight 
ratios of Ni/Cu/CS do not much affect the morphology of 
the Ni/Cu/CS nanocomposites in the condition of the pres-
ent work.

Fig. 3  a, b SEM images; c, d TEM 
images, and e EDS spectrum of 
NiMn2O4 (sample 2)
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(Fig. 1b) and CuMn2O4 (Fig. 1a in the author’s published 
paper (Samadi Kazemi and Sobhani 2023). The figure indi-
cates that nanostructures are embedded in the chitosan and 
unveils the formation of the Ni/Cu/CS nanocomposite. 
However, the shape and strength of the XRD peaks of the 
NiMn2O4 and CuMn2O4 can demonstrate that the nanostruc-
tures have a higher crystallinity than the nanocomposites. 
The order of polymer chains is impeded with the presence 

layer on the NMO and CMO surfaces. In this figure, other 
diffraction peaks marked with green and blue stars refer 
to CuMn2O4 and NiMn2O4 reinforced chitosan nanocom-
posite membranes, respectively. The cubic and monoclinic 
phases of NiMn2O4 and CuMn2O4 was indicated by com-
parison with JCPDS cards No. NiMn2O4; 01–074-1865, and 
CuMn2O;00–010-0365. In Fig. 4e, the intensity of the XRD 
peaks shows a decrease when compared to pure NiMn2O4 

Fig. 4  SEM images of syn-
thesized Ni/Cu/CS nanocom-
posites with different ratios of 
NiMn2O4:CuMn2O4: chitosan: a, 
b 1:1:2 (sample 5), insert: image 
at higher magnification, c, d 2:1:3 
(sample 6), and e XRD pattern of 
sample 6
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hydrogen-bonding and O‒H bending vibrations of the water, 
respectively. Figure 5c displays the FT-IR spectrum of Ni/
Cu/CS nanocomposites. It can be seen that bands related 
to the NMO in nanocomposites form. The absorption peaks 
at 626.89 cm‒1 and 689.53 cm‒1 are associated with Ni‒O, 
Mn‒O, and Cu‒O bonds in the as-prepared nanocomposites 
(Pramothkumar et al., 2019). These peaks are slightly shifted 
compared to the NMO. In Fig. 5c three bonds at 1417.96, 
1049.08 and 1026.46 cm‒1 corresponds to C‒OH groups, 
organic residues in the nanocomposites (Ma et al. 2016). 
In this figure, the peaks at 1598.88 and 1557.97 cm− 1 are 
related to C═O and CO vibrations. Also, the broad peak in 
the range 3200–3600 cm− 1 (including 3368 and 3270 cm− 1) 
corresponds to the stretching vibrations of absorbed water 
on the surface of the nanocomposites. Figure 5d shows the 
UV-vis spectrum of sample 2, NiMn2O4. This figure shows 
a broad absorbance band in the range from 200 to 350 nm. 
The UV-Vis results agree with those obtained by other 
researchers (Rohokale et al. 2021; Sedighi et al. 2019).

Magnetic property

Figure 6 shows a plot of the magnetization versus mag-
netic field for NMO NSs. The curve shows a ferromagnetic 
behavior for the NSs with Hc at 171.71 Oe. The enlarged 
illustration of hysteric loop has been demonstrated in Inset 
of Fig. 6.

Adsorption isotherm and kinetic adsorption studies

We investigated the process mechanism and adsorption 
capacity of Ni/Cu/CS nanocomposites for MO removal 
using kinetic adsorption and adsorption isotherm experi-
ments. Also, we investigated the experiments in the dif-
ferent times. As shown in Fig. 7a, the removal percentage 

of the nanostructures. So, introducing the nanostructures in 
chitosan is caused increasing the flexibility of the polymer 
chain and decreasing the crystallinity of composite mem-
branes (Kumar et al. 2012).

FT-IR and UV-Vis spectra

The formation of NMO nanostructures and Ni/Cu/CS 
nanocomposites was also confirmed by FT-IR. In order to 
identify functional groups of the samples, the FT-IR spec-
tra were recorded in the wavelength range 500–4000 cm− 1. 
The frequencies below 1000 cm‒1 of low-frequency mode 
vibration frequencies belong to the metal-oxygen stretching 
vibrations (Wang et al. 2013). In Fig. 5a and b, the peaks at 
590.99 and 595.16 cm‒1 are related to the stretching vibra-
tions of Mn‒O, Ni‒O and Cu‒O bonds in samples 1 and 2. 
The weak peak at about 3600 cm− 1 in Fig. 5a and b is related 
to the stretching vibrations of absorbed water on the sur-
face of nanostructures. Also, the bands at about 990.95 cm‒1 
and 1565.81 cm‒1 in Fig. 5a are attributed to the OH…O 

Fig. 6  Hysteresis curve of sample 2. (Inset: aAn enlarged illustration 
of the hysteresis curve)

 

Fig. 5  FT-IR spectra of: a sample 1, b sample 2, c sample 6, and d 
UV–Vis spectrum of sample 2
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BC, BD, BE, CD, CE, DE, A², B², C², D², E² are significant 
model terms.

We obtained the equation to predict the optimum point 
according to the central composite design and input vari-
ables. Then, we presented the empirical relationship 
between the response and the independent variables in the 
coded units based on the experimental results as follows 
(Eq. 1):

MO removal% = 76.77−2.11 A − 2.60B + 10.15 C − 3.45D + 5.93E + 5.69AB
−1.44AC + 3.93ADAD − 1.89AE + 4.99BCBC − 2.38BD + 4.72BE + 4.08CD

−4.82CECE + 1.65DE + 18.88A2 − 12.65B2 + 14.25C2 − 9.15D2 − 13.57E2
� (1)

The perturbation diagram obtained from Design-Expert 
software shows the effect of variables on the response. A 
positive slope means a positive impact on the response, a 
negative slope means an adverse impact, and a zero slope 
means that the variable does not affect on the reaction. The 
plot of perturbation for removal of MO solution with Ni/Cu/
CS was shown in Fig. 8.

In this study, three-dimensional graphs of the response 
surface to show the changes in response against factors are 
illustrated in Fig. 9a–d.

As shown from Figs. 8 and 9, the studied factors are inter-
dependent and according to Eq. 1. The adsorption process 
was optimized by central composite design (CCD) found 
in the response surface methodology of the Design-Expert 
software. In the optimal conditions, the amount of adsor-
bent, pH, initial concentration, contact time and agitation 
speed were obtained as 1.2 g/L, 3, 10 mg/L, 5 min and 300 
rpm, respectively.

The MO removal percent at time t, the adsorption capac-
ity (qt, mg/g) at time t, and the adsorption capacity at equi-
librium (qe, mg/g) are described by Eqs. 2–4 (Far et al. 2020; 
Gollakota et al. 2021; Khan et al. 2021; Wang et al. 2020).

Removal% = C0 − Ct

C0
× 100� (2)

qt = C0 − Ct

m
× V � (3)

qe = C0 − Ce

m
× V � (4)

C0, Ct, and Ce are concentrations (mg/L) at initial, t, and 
equilibrium times, respectively. qt, qe, V, and m are the 
adsorption capacity (mg/g) at t and equilibrium times, the 
volume (L) of the solution, and the amount (g) of adsorbent 
material used, respectively.

Examining the kinetic behavior of adsorption provides 
information about the equilibrium state. Table 5 presents 

increases steeply but remains constant after 5 min reaching 
equilibrium.

The comparison of the experimental results of MO 
removal with the results obtained from the model is drawn 
in Fig. 7b. The R2 amount of more than 0.8, refers that the 
empirical data’s desired agreement with the obtained one 
by the relevant equations (Fereidonian Dashti et al. 2018). 

The result show (Table 4), the R2
predicated (0.9739) is close 

to the R2
adjusted (0.9975). A difference of less than 0.2 

between indicates the fitting of the model (Li et al. 2021). 
The F-value of Lack of Fit is 3.51, which shows it is not 
significant, and this is desirable for the model. As shown 
in Fig. 7b, the R² value from experimental versus predicted 
MO removal is close to 1, confirming the model’s validity.

The variance analysis of MO removal was based on 
adsorbent dosage, dye concentration, pH, contact time, and 
agitation speed. These parameters were studied as experi-
mental variables. The results have been summarized in 
Table 4. F-values more than five and P-values lower than 
0.05 prove that the parameters are essential in the model 
(Masoumi et al. 2021). A, B, C, D, E, AB, AC, AD, AE, 

Fig. 7  a Effect of contact time on the removal efficiency of MO by Ni/
Cu/CS in the ambient temperature, b Plot of the experimental results 
versus the predicted results of the model for MO removal percent
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the kinetic results of MO adsorption using different mod-
els. As shown in Table 5, the pseudo-second-order model 
best fitted the experimental data (R² = 0.9964). This model 
suggests that surface resistance is not the rate-limiting step. 
The adsorption occurs in two stages: a rapid initial step, fol-
lowed by a slower step limited by dye diffusion into smaller 
pores. It means that the amount of absorption is proportional 
to the square of the number of empty pores remaining in the 
absorbent sites (Foo and Hameed 2012).

The isotherm parameters of MO by Ni/Cu/CS are listed 
in Table 3. By comparing the value of R2 for different mod-
els in Table 3, it is clear that the Langmuir model (0.9999) is 
more consistent with experimental data than other models. 
Assumptions in the Langmuir model include: (1) monolayer 
absorption for the absorbent surface and (2) the same tensile 
strength for all centers and absorption sites for MO. Also, 
the optimal KL value for the adsorption process based on the 
Langmuir model is 0–1, which was obtained at 0.01 in this 
investigation.

The point of zero charge (pHpzc) is the point at which 
the surface charge of the adsorbent is neutral. To determine 
adsorbent pH by the drift method, 10 mL of sodium chloride 

Table 4  ANOVA values in the RSM-CCD model for MO removal with Ni/Cu/CS
Source Sum of squares df Mean square F-value p-value
Model 7291.09 20 364.55 543.48 < 0.0001 Significant
A-Time 80.48 1 80.48 119.97 < 0.0001
B-Adsorbent dose 122.15 1 122.15 182.10 < 0.0001
  C-pH 1856.03 1 1856.03 2766.96 < 0.0001
  D-Speed 213.76 1 213.76 318.68 < 0.0001
E-Initial concentration 632.38 1 632.38 942.74 < 0.0001
  AB 517.79 1 517.79 771.92 < 0.0001
  AC 33.12 1 33.12 49.38 < 0.0001
  AD 247.75 1 247.75 369.34 < 0.0001
  AE 57.30 1 57.30 85.43 < 0.0001
  BC 398.40 1 398.40 593.94 < 0.0001
  BD 90.35 1 90.35 134.69 < 0.0001
  BE 355.89 1 355.89 530.56 < 0.0001
  CD 266.18 1 266.18 396.82 < 0.0001
  CE 371.14 1 371.14 553.29 < 0.0001
  DE 43.43 1 43.43 64.74 < 0.0001
  A² 877.45 1 877.45 1308.10 < 0.0001
  B² 393.89 1 393.89 587.22 < 0.0001
  C² 499.92 1 499.92 745.27 < 0.0001
  D² 206.11 1 206.11 307.26 < 0.0001
  E² 453.26 1 453.26 675.72 < 0.0001
Residual 7.38 11 0.6708
  Lack of fit 5.96 6 0.9939 3.51 0.0947 Not significant
  Pure error 1.42 5 0.2831
Cor total 7298.46 31
R2 = 0.9992
R2

adjusted= 0.9975

R2
predicated= 0.9739

Fig. 8  Plot of perturbation for the effective variables of MO removal 
percent with Ni/Cu/CS

 

1 3

Page 11 of 18  162



Applied Water Science (2026) 16:162

is an aromatic compound that binds to the adsorbent through 
electrophilic interactions, π-π interactions, and hydrogen 
bonding via its N and S atoms (Igwegbe et al. 2023). On 
the other hand, MO is an ionizable molecule with a pKa of 
3.4, so it can form electrostatic interactions with adsorbents 
that are not at their isoelectric point. The adsorbent used in 
this work is spinel metal oxide embellished on the surface 
of chitosan. Chitosan is a weak base and can form hydro-
gen bonds because of the presence of amine and hydroxyl 
groups. Chitosan can provide a steric barrier with a positive 
charge density, leading to strong electrostatic interactions 
among nanostructures and MO (Phan et al. 2021).

Figure 10a shows the UV-Vis spectrum of the MO solu-
tion before and after passing through the absorbent in the 
region of 200–800 nm. The maximum wavelength for 
MO is 464nm; the disappearance of the peak after passing 
through the absorber indicates the absorption of MO by the 
absorbent.

Figure 10b shows the pHpzc = 7 for the adsorbent. This 
value is obtained by the drift method. At pH lower than 
pHpzc, the absorbent surface is positive, while at pH greater 
than pHpzc, the absorbent surface is negative. Therefore, the 
electrostatic interactions between the MO solution and the 
adsorbent are expected to be higher at acidic pH. Based on 
the obtained model and experimental results the optimal pH 
for maximum removal was at pH = 3.

solution was placed in separate containers and adjusted 
to eight pH levels (2–9). We used sodium hydroxide and 
hydrochloric acid to adjust the solution pH. Then 0.05 g of 
absorbent was added to the solutions, and the samples were 
placed in the shaker at 300 rpm. After 24 h, the adsorbent 
was separated from the solution, and the pH was measured 
again.

The absorption mechanism depends on the characteristics 
and nature of the adsorbent and the adsorbate material. MO 

Table 5  Kinetic parameters of MO adsorption on Ni/Cu/CS
Model Parameter Value
Pseudo-first-
order;  Ln (qe − qt) = Ln (qe) − K1t

K1 (min− 1) 0.7003

R2 0.8962
Pseudo-second-order;  t

qt
= 1

K2q2
e

+ t
qe

K2 (g mg− 1 
min− 1)

2.33

R2 0.9964

Intra-particle diffusion;  Kidt1/2 + Cid
Kid (mg g− 1 
min− 1/2)

0.6721

R2 0.6363
Elovich;  qt = α + β Ln t  α (mg 

g−1min− 1)
2.5557

β (g min− 1) 0.8632
R2 0.8024

k1 Pseudo-first-order kinetic rate constant,  k2 Rate constant of 
pseudo-second-order kinetic,  kid Intra-particle diffusion rate con-
stant, Cid Intra-particle diffusion constant

Fig. 9  Three-dimensional graph 
for: a influence of pH and agitation 
speed b influence of contact time 
and adsorbent dosage c influence 
of initial concentration and pH 
d influence of initial concentra-
tion and agitation speed on MO 
removal percent
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time for MO adsorption reported in the literature. The 
adsorption capacity of the composite in this work is 416.67 
mg/g. It is very high, although slightly lower than that 
reported by Chen et al. (Chen et al. 2024). Also, the adsorp-
tion rate of the present work is high. After 5 min, our group 
work achieves ultra-fast removal, far faster than the 2–4 h 
required in other systems. Inclusion of onion extract in syn-
thesis (biogenic green chemistry), combined with magnetic 
properties (from NiMn₂O₄) for easy recovery, stands out.

The SEM images in Fig. 4c and d were related before 
adsorption, while Fig. 11a and b highlight the SEM images 
after MO dye adsorption. The pictures in Fig. 4 show pores 
that allow MO to adhere to its surface. Also, these images 
show the bright spots and the adsorbent’s rough, porous sur-
face, which enhances adsorption capacity. Figure11 shows 
that the dye covered the adsorbent’s pores, voids, caves, 
and surfaces. The images obtained of the adsorbents before 
and after absorption confirm that they can absorb the pol-
lutants due to their specific surface area. The SEM images 
of the adsorbent after the adsorption show the presence of 
many unfilled active sites. The available active sites mean 
the adsorbent can be reused several times in the continuous 
adsorption system. Figure 11c shows the FTIR spectrum of 
the adsorbent after MO adsorption. There is a difference in 
the FT-IR before (Fig. 5c) and after the dye adsorption. The 
FT-IR spectrum of the nanocomposite after MO adsorption 
shows that the bands are blue-shifted. It suggests that the 
functional groups on MO are linked to the Ni/Cu/CS.

We studied the desorption and regeneration of the adsor-
bent. The solvents used were distilled water (H2O), nitric 
acid (HNO3), hydrochloric acid (HCl), acetone ((CH3)2CO), 
ethanol (C2H5OH), and sodium hydroxide (NaOH). The 
highest dye desorption efficiency (78%) was earned with 
HCl and HCl solution with 0.1 M concentration was 
selected as a suitable desorbing agent. Figure 12 shows that 
the adsorbent can be reused for up to five cycles. After seven 
cycles, MO adsorption decreased to 42%. 

In Table 6, the performances of Ni/Cu/CS for MO adsorp-
tion were compared to the other adsorbents reported in the 
literature. The maximum adsorption capacity of Ni/Cu/CS 
was lower than AC from waste tire rubber (qmax = 588.0) 
and CoAl/Cl LDH (qmax = 827.5) but its removal efficiency 
was higher. Ni/Cu/CS showed higher removal efficiency 
and maximum capacity for MO than other adsorbents in 
Table 6. Chitosan-based adsorbents play an essential role in 
removing organic pollutants from wastewater. This is due to 
their unique physicochemical properties.°

Table 7 compares the maximum adsorption capacity of 
Ni/Cu/CS with other adsorbents. It also shows the contact 

Table 6  Comparison of the adsorption performance of MO by Ni/Cu/CS with other adsorbents
Adsorbent Highest

RE%
qmax
mg/g

pH T (◦C) Method of qmax determination Reference

AC from waste tire rubber 80 588.0 3.6 23 Langmuir (Islam et al. 2018)
AC from aloe vera - 196.1 3 25 Langmuir (Zhang et al. 2020)
Biochar from chicken manure 100 41.49 6.5 45 Langmuir (Yu et al. 2018)
CoAl/Cl LDH 90.5 827.5 7 25 Langmuir (Chen et al. 2019)
HDPyþ-clay - 227.3 3 - Langmuir (Gamoudi and Srasra 2019)
Cd-zeolite imidazolate framework (Cd-ZIF-8) 92 145.4 2 50 Langmuir (Gamoudi and Srasra 2019)
Chitosan/β-cyclodextrin polymer - 398.8 - - Langmuir (Jiang et al. 2018)
Chitosan/Fe(OH)3 beads 91.1 314.5 3 25 Langmuir (XinxinYang et al., 2018)
Chitosan/PVA/TiO2 nanofiber 94 314.0 - - Langmuir (Habiba et al. 2019)
Chitosan/bentonite - 141.2 11 23 Langmuir (Zhang et al. 2016)
Cetyltrimethylammonium bromide/H2O2-clay 98 268.7 3 25 Dubinin-Radushkevich (Mobarak et al. 2018)
Ni/Cu/CS nanocomposite 99.3 416.67 3 25 Langmuir This work
T  Temperature

Fig. 10  a The absorbance spectra of MO (before) and MO adsorbed on 
the surface of Ni/Cu/CS (after), b pHpzc of the adsorbent of Ni/Cu/CS
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Scheme 1 shows a schematic diagram of the character-
ization and applications of Ni/Cu/CS nanocomposites.

Scheme 2  shows a schematic diagram of the adsorp-
tion mechanism of MO on Ni/Cu/CS nanocomposites. The 
strengths of our work are listed below. (1) Using Allium 
cepa as a bio-based agent makes the synthesis environ-
mentally friendly, which is a clear advantage over many 
studies relying on toxic chemicals. (2) The combination of 
NiMn₂O₄/CuMn₂O₄/chitosan is relatively unique. Most pub-
lished works focus on either binary systems or single metal 
oxides, so the ternary hybrid offers novelty. (3) A maximum 
adsorption capacity of 416.67 mg/g for methyl orange is 
very high compared to many reported adsorbents (typically 
100–300 mg/g). (4) The ultra-fast removal within 5 min is a 

Fig. 12  Plot adsorption/desorption of MO versus cycle number (con-
tact time = 5 min, initial dye concentration = 10 mg/L, solvent = HCl, 
and adsorbent dosage = 1.2 g/L)

 

Fig. 11  a, b SEM images and c 
FT-IR spectrum of sample 6 after 
adsorption of MO

 

Adsorbent Max. adsorp-
tion capacity 
(mg/g)

Contact time Key features Refer-
ence

Chitosan–Palmer Ama-
ranth Biochar composite 
microspheres

495–554 ~ 240 min High adsorption, multiple cycles 
(93.6% retention after 5), broad 
interactions (MDPI)

(Chen 
et al. 
2024)

Modified magnetic chito-
san microspheres

486.13 at 125 
mg/L MO

~ 120 min Magnetic, high capacity, good 
removal efficiency (PMC)

(Wang 
et al. 
2025)

Pure chitosan beads 12.46 unspecified, 
likely longer

Simple system, some regeneration 
(87.2% after three cycles) (MDPI)

(Alyasi 
et al. 
2023)

Ni/Cu/CS nanocomposite 416.67 5 min Green synthesis, magnetic, compre-
hensive characterization

Your 
work

Table 7  Comparison of maximum 
adsorption capacity and contact 
time for MO adsorption by Ni/
Cu/CS and other researchers
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Scheme 2  Schematic diagram of 
the adsorption mechanism of MO 
on Ni/Cu/CS nanocomposites

 

Scheme 1  Schematic diagram of 
the synthesis and investigation of 
the adsorption kinetics of Ni/Cu/
CS
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as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
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significant advantage since most comparable studies report 
equilibrium times of 30–120 min. (5) The use of multiple 
techniques (XRD, SEM, TEM, FTIR, UV-Vis, VSM, EDS) 
provides strong evidence for structural and functional con-
firmation of the nanocomposite. (6) The observed ferromag-
netic properties facilitate easy separation after adsorption, 
an essential feature for practical wastewater treatment.

Conclusion

NMO and CMO were successfully synthesized using 
Allium cepa via a hydrothermal route, and a new Ni/Cu/CS 
nanocomposite was obtained by stirring at room tempera-
ture. SEM and XRD confirmed the formation of nanocom-
posites with embedded nanoparticles in the chitosan matrix, 
showing enhanced surface cavities, good structural stabil-
ity, and shifted diffraction peaks. VSM revealed ferromag-
netism (Hc = 171.71 Oe), while UV-Vis indicated favorable 
optical properties. Ni/Cu/CS was effectively applied for 
MO removal, achieving a maximum adsorption capacity of 
416.67 mg/g with high correlation to the Langmuir model 
(R² = 0.9964, KL = 0.01), following a pseudo-second-order 
mechanism. Optimum conditions were 1.2 g/L adsorbent, 
10 mg/L dye, 5 min contact time, 300 rpm, and pH = 3.
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