
Synthesis of NiCo2O4 supported on 
Chitosan for potential adsorption 
of copper ions in water samples
Nadia E. A. El-Gamel , Shymaa S. Medany  & Mahmoud A. Hefnawy 

The present work involved the synthesis of nano-spinel oxide, which was subsequently incorporated 
into chitosan to enhance the adsorption efficiency of Cu(II) from aqueous samples. The chitosan was 
compared with the modified chitosan (nickel cobaltite@Chitosan) in terms of adsorption performance 
toward Cu (II) ions. Structural and morphological characterization was investigated using X-ray powder 
diffraction (XRD), which confirms the crystalline structure; scanning electron microscopy (SEM) 
to reveal surface morphology, transmission electron microscopy (TEM), to examine the nanoscale 
dispersion, and thermal analysis, to asses the material stability. Various experimental parameters, 
including pH and catalyst mass loading, were tuned. The adsorption data were found to be best 
described by Langmuir isotherm, indicating monolayer adsorption. The reaction order was found to 
obey pseudo-first-order kinetics, suggesting that physisorption controls the process. The synthesized 
catalyst had a retention efficiency of 92% across three consecutive cycles, demonstrating its potential 
as a reusable and efficient adsorbent for Cu(II) removal from water.
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Heavy metal contamination in water, including copper (Cu), lead (Pb), mercury (Hg), and cadmium (Cd), poses 
a significant risk to both human health and the environment. These metals can accumulate in water sources and 
are extremely harmful, even in low concentrations. They are often found in industrial waste, mining runoff, and 
agricultural practices1–4. Copper is a necessary trace metal for all living organisms; however, excessive levels can 
harm human health and aquatic ecosystems. Heavy metal contamination in water sources represents a major 
environmental issue, largely attributable to industrial activities5,6. Mining and smelting industries significantly 
contribute to the release of heavy metals, including copper, into adjacent water bodies7,8. Mining operations have 
contributed to water contamination with heavy metals in several regions, notably the Tar Creek area in northeast 
Oklahoma, which has experienced significant pollution from extensive lead and zinc mining activities9,10.

The exposure of contaminated water, copper can lead to neurological and liver dysfunction, harm organs, 
and interfere with essential biological processes11–15. Once these metals enter the water, they tend to settle in 
sediments, making it difficult to remove using traditional methods, which causes bioaccumulation in the food 
chain. To effectively mitigate heavy metal pollution and protect water quality, it is essential to develop advanced 
filtration systems and adsorbent materials, such as chitosan16–19.

Conventional techniques for removing heavy metals include adsorption, extraction, oxidation-reduction, 
and electrochemical methods20. However, due to the use of imported extractants during extraction, the process 
of removing heavy metals from soil or residues may contaminate groundwater or nearby water sources21,22.

The oxidation-reduction process typically produces waste residues23. Because of the poor removal, high 
power cost, and metal selectivity of the electrochemical approach, its application to removing heavy metals from 
water is restricted24. Adsorption is widely utilized because of its many benefits, including the low cost of the 
adsorbent, ease of control, and high removal effectiveness25,26. Nano-carbon, nanoscale metal oxide, maghemite, 
dendrimers, and alginate nanoparticles are the conventional nano-adsorbents used to remove Cu(II) and As 
(III)27,28. Unfortunately, the time it takes to separate adsorbents from absorbents and the high cost of separation 
accompany most nano-adsorbents, severely restricting their applicability29,30. Consequently, adsorption of heavy 
metals by nano-size based materials is extensively mentioned in literature31,32.

Chitosan, a biopolymer derived from chitin, has exhibited potential for environmental applications due to 
its biodegradability, abundance, and inherent properties that facilitate metal ion binding33–39. The exoskeletons 
of crustaceans and insects contain chitin, the second most prevalent biopolymer after cellulose40–42. Chitosan is 
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produced by deacetylating chitin, which produces a polymer with functional amino and hydroxyl groups43–45. 
These functional groups are highly effective for various adsorption processes because they can form complexes 
with metal ions through ion exchange, chelation, and electrostatic attraction42,46,47. The literature referenced the 
extensive adsorption of copper ions onto Chitosan surfaces. Verbych et al.48reported the adsorption capacity of 
Chitosan to be 1.8–2.2 mmol/g of dried mass in the pH range of (5–6).

In the chemical composition of XY2O4, metal oxides are characterized by having a spinel structure. In this 
structure, Y represents a trivalent metal ion at the octahedral position, while X represents a divalent metal 
ion at the tetrahedral position. Additionally, oxygen anions are grouped in a close-packed cubic array49–53. 
Spinel Oxides have attracted substantial attention as effective adsorbents for removing copper (Cu²⁺) ions from 
contaminated water54,55. The presence of spinel oxide structure enhances the chemical stability along with 
the adsorption capacities by providing abundant active sites, increasing surface area, and facilitating electron 
transfer.

The preparation of spinel oxides often requires energy-intensive methods such as high-temperature 
calcination, hydrothermal synthesis, or sol-gel processes. These techniques can be costly and difficult to scale up 
while maintaining uniform particle size and adsorption efficiency.

Another major limitation is regeneration and reusability. While spinel oxides exhibit high adsorption 
capacities, their ability to be efficiently regenerated and reused in multiple cycles is often compromised. 
Regeneration typically involves chemical desorption using strong acids or bases, which can lead to partial 
degradation of the material, structural changes, or loss of adsorption capacity over time.

Spinel Oxide and Chitosan were found to facilitate the adsorption of copper ions. The amine (-NH₂) and 
hydroxyl (-OH) groups of Chitosan can significantly increase the Cu(II) adsorption/exploitation rate compared 
to NiCo₂O₄, mainly due to their strong affinity for metal ions through chelation, electrostatic attraction, and 
hydrogen bonding. Wang et al.56 reported the development of a magnetic microsphere-MnFe2O4/Chitosan 
composite to remove copper ions. The maximal adsorption capacity of Cu(II) was 22.6 mg /g.

In this work, Spinel Oxide was prepared and loaded on the surface of Chitosan to enhance copper ions’ 
adsorption in a water sample. Comparative studies were performed for Pristine Spinel Nickel Cobaltite and 
Chitosan-modified composites. The adsorption mechanism was evaluated using various models, such as 
Langmuir and Freundlich. The order of reaction was estimated for modified and pristine Chitosan.

Experimental section
Chemical and reagents
Chitosan, Nickel sulfate, Cobalt acetate, Ammonium hydroxide, Ethanol, Copper sulfate, Sodium tartrate, 
Hydrochloric acid, and Sodium hydroxide were used without further purification, exactly as received. All of the 
chemicals were sourced from Sigma-Aldrich and are analytical grade. The solutions were made using double-
distilled water.

Preparation of nickel Cobalt spinel oxide
The following procedure was used to produce the NiCo2O4: Initially, 25 mL of Ethanol was mixed with 0.873 g of 
Nickel nitrate and 1.746 g of Cobalt nitrate, and the mixture was agitated for 5 min. Then, propylene oxide was 
added drop-wise as gelation agent till the mixture was agitated for four hours. Then, it was stirred for two more 
hours at 70 oC. Finally, it was calcined for four hours at 600 °C.

Preparation of NiCo2O4 supported on Chitosan
NiCo2O4@Chitosan composite was synthesized using the following procedure57: First, 1 g of NiCo2O4 powder 
was suspended in 100 mL of 1% Acetic Acid (pH ∼ 3). Next, 1 g of Chitosan was added to the solution, which 
was then sonicated for 30 min. The pH of the solution was subsequently adjusted to be neutral (pH ~ 6) using 
0.1 M NaOH. Finally, the catalyst was filtered, washed, and dried at 50 °C for 6 h. The drying conditions on the 
Chitosan adsorption efficiency and moderate temperature used in the drying process are necessary to prevent 
the collapse of a porous structure crucial for the adsorption process.

UV-Vis measurement
UV–Vis Thermo Fischer Scientific Model (Evolution 60) ranged from 200 to 900 nm. The detection of copper 
sulfate concentration was measured at a wavelength of 230 nm. Detection of UV-Vis spectra was investigated 
using Vision lite software Ver 2.2.

To evaluate the adsorption properties of Chitosan and NiCo2O4@Chitosan for Copper (II), adsorption tests 
were conducted at varying pH values (3, 4, 5, and 6) and initial concentrations 400 mg/L. For the kinetics study, 
5 mg/mL samples of Chitosan and NiCo2O4@Chitosan were added to an aqueous solution containing Copper 
(II), with an initial concentration set at 400 mg/L. The copper solution was obtained from a 0.1 M copper sulfate 
stock solution. To maintain the desired pH levels during the testing, 0.1 mol/L solutions of NaOH or HCl were 
used. The final results reported are the mean values obtained from three tests to minimize errors. The quantity of 
Copper (II) adsorbed at a given contact time (qme) was calculated using the following equation:

	
Qme = Cbc − Ce

M
V� (1)

In this equation, Cbc and Ce (in mg/L) represent the concentrations of copper (II) in the initial and equilibrium 
liquid phases, respectively; V(L) is the volume of the solution, and M(g)is the mass of dry Chitosan and 
NiCo2O4@Chitosan.
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Results and discussion
Analysis
Powder X-ray diffraction (XRD) was used to evaluate the chemical structure of the Nickel cobaltite combined 
with Chitosan. By comparing the diffraction peaks of crystalline NiCo2O4@Chitosan with the amorphous peaks 
of m-C (JCPDS no. 20–0781)58, the XRD pattern is illustrated in Fig. 1. This analysis confirms the presence of the 
spinel NiCo2O4 structure. The hkl planes of {220}, {311}, {400}, {511}, {440}, and {533} correspond to peaks at 2θ 
values of 30.3°, 36.4°, 44.3°, 58.3°, 65.1°, and 76.3°, respectively59,60. The XRD result is attributed to a cubic crystal 
system with a point group of m3m. Additionally, a hump observed at approximately 2θ ~ 12.6° is attributed to 
the Chitosan sheets61,62.

An examination of the morphological properties of NiCo2O4 nanoparticles was conducted using scanning 
electron microscopy (SEM), as illustrated in Fig. 2a. The particle size distribution was found to range from 35 
to 80 nanometers. The small size of the Nickel Cobaltite particles suggested a higher level of chemical activity. 
Elsemore, smaller NiCo₂O₄ particles can improve binding with the matrix, leading to increased hardness and 
durability. Figure 2a also shows how Nickel Cobaltite is incorporated into the Chitosan sheets, demonstrating 
that the particles are evenly dispersed.

Moreover, Transmission Electron Microscopy was employed to ascertain the shape of NiCo2O4nanoparticles.
TEM images of NiCo2O4@Chitosan composites are displayed in Fig. 2b. The mean particle diameter of these 

composites is estimated to be between 20 and 50 nm. Based on the findings of the investigation, it was discovered 
that the nanospheres made of NiCo2O4 showed signs of attachment to the sheets of Chitosan. The presence 
of NiCo2O4 on the Chitosan sheet is validated by utilizing the appropriate transmission electron microscopy 
(TEM) diffraction patterns. The elements Ni, Co, O, C, and N were verified to be the primary constituents of 
NiCo2O4@Chitosan by the EDX spectra (Fig. 2c). The EDX was employed for determination of elemental ratios. 
Thus, the provided amount of cobalt to nickel was equal to two.

Thermal analytical technique (TGA) was utilized in order to determine the thermal durability and chemical 
degradation of the material. Figure 3illustrates the TGA of the NiCo2O4@Chitosan. The composite exhibited 
four thermal transitions between temperatures of 80.1, 279.3, 394.1, and 460.1 degrees Celsius, with weight 
loss percentages of 8.2%, 24.5%, 15.7%, and 22.1%, respectively. The elimination of water is responsible for the 
thermal change that occurs at approximately 80 oC. Furthermore, it has been noted that the heat degradation of 
Chitosan is a process that occurs in two stages63. Consequently, the thermal decomposition peaks at 279.3 and 
394.1oC are anticipated to occur during the breakdown of Chitosan. The fourth thermal transition occurs in the 
temperature range of 460.1 oC due to the conversion of residuals of NiCo2O4 that converted to corresponding 
hydroxide during preparation of NiCo2O4@Chitosan in alkaline medium. Additionally, the chemical structure 
of Chitosan was confirmed using FT-IR spectra, as represented in Fig. S1.

Fig. 1.  XRD pattern of NiCo2O4.
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Study of copper adsorption on Chitosan and NiCo2O4@Chitosan
The adsorption capacity and the process as a whole are greatly impacted by the pH of the solution. Using a 
4-hour incubation time at 25 °C, the study examined the adsorption properties of Cu(II) ions at different initial 
pH values. The fact that Chitosan’s nitrogen atom has an extra pair of electrons suggests that the NH2 groups 
are necessary for heavy metal adsorption onto the surface of material. Using a fixed starting concentration of 
Cu(II) ions at 400 mg/L over a pH range of 3 to 6, the study investigated the impact of pH on the adsorption 
properties of Cu(II) ions onto Chitosan and NiCo2O4@Chitosan composites. The beneficial impact of the initial 
pH on the two types of adsorbents’ adsorption effectiveness is seen in Fig. 4. Due to a high concentration of H+ 
ions, the hydroxyl and amine groups of Chitosan undergo protonation at a pH of 3. There are fewer binding 
sites available for Cu(II) ions because of protonation, which occurs when protons (H+) in the aqueous solution 
compete with heavy metal ions for active adsorption sites on Chitosan and NiCo2O4@Chitosan composites. The 
generated composite’s surface has a negative charge at pH values higher than 5.3, which increases the ability of 
heavy metal ions to adsorb onto the Chitosan-based surfaces. Copper precipitates out of the solution as copper 
hydroxide when the pH level rises. In a Copper sulfate solution with a pH of 6, the impact of catalyst loading was 
examined at doses ranging from 1 to 5 mg/mL. By evaluating the adsorption effectiveness, the catalyst mass was 
determined. The relationship between Chitosan mass and NiCo2O4@Chitosan is shown in Fig. 5.

Adsorption systems are characterized by the presence of the equilibrium adsorption isotherm, which plays a 
vital part in the process of comprehending the interaction that occurs between the adsorbent and the adsorbate. 

Fig. 2.  (a) SEM, (b) TEM of NiCo2O4@Chitosan sample. (c) EDX of NiCo2O4@Chitosan surface.
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Fig. 4.  Relation between pH and efficiency of Cu(II) removal.

 

Fig. 3.  TGA of NiCo2O4@Chitosan.
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As shown in Fig. 6, the relationship between the adsorption equilibrium concentration (Ce) and adsorption 
capacity (qe, ). Whereas, the qe of both metal ions increased with concentration till the equilibrium was achieved 
at around 200 mg/L.

The equilibrium adsorption isotherms of Cu(II) on the synthesized Chitosan and NiCo2O4@Chitosan 
adsorbents were analyzed using the Freundlich and Langmuir adsorption models to provide a thorough grasp 
of the isotherms and their characteristics. The Freundlich adsorption model assumes that adsorption takes place 
on heterogeneous surfaces, enabling the examination of multilayer adsorption phenomena. In contrast, the 
Langmuir adsorption model suggests that adsorption takes place at distinct and homogenous sites inside the 
adsorbent material31. The Eqs. (2) and (3) provide a linearization of the Langmuir and Freundlich models.

	
Ce

qe
= Ce

qm
+ 1

kLqm
� (2)

	
Log qe = Log KF + 1

n
Log Ce� (3)

Where KL is Langmuir adsorption constant, qe and qm are adsorption capacity and the maximum adsorption 
capacity, respectively, Ce is the equilibrium heavy metal concentration, KF is adsorption capacity, n is adsorption 
intensity. Therefore, the constants can be estimated by plotting relation between Ce/qe vs. Ce. Thus, plot’s slope 
and y-intercept serve as indicators of KL and qm, respectively. Additionally, by studying the linear relation 
between the logqe and Ce, the values of n and KF can be recognized. By evaluating the connection between the 
two variables, this can be accomplished.

The graphs of the two models are shown in Fig. 7, and the parameters of Cu(II) adsorption are listed in 
Table 1. Given its higher correlation coefficient, the monolayer Langmuir adsorption isotherm is thought to be 
better suited to explaining the adsorption seen on the produced Chitosan and NiCo2O4@Chitosan composite. 
Furthermore, the Langmuir model’s estimated qe value closely matches the outcomes of the experimental trials. 
The Chitosan and NiCo2O4@Chitosan composite demonstrated a maximum adsorption capacity of 134.9 mg/g 
for Cu(II) in accordance with this model. Table 1 summarizes the findings of several investigations that were 
carried out to compare the adsorption capacities of Cu(II) adsorbates. Significantly improved performance is 
shown when comparing the adsorption capacities of Chitosan and the NiCo2O4@Chitosan composite with those 
of other adsorbents. The Langmuir isotherm and Freundlich isotherm describe different adsorption behaviors. 
The better fit of the Langmuir model suggests that the adsorption process in your study follows monolayer 
adsorption on a homogeneous surface rather than multilayer adsorption on a heterogeneous surface.

Fig. 5.  Relation between catalyst loading and efficiency of Cu(II) removal.
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The adsorption of Cu(II) and Cd(II) was examined during 360  min to better understand the adsorption 
process’s kinetics. The impact of contact time on Cu(II) adsorption onto the composite of Chitosan and 
NiCo2O4@Chitosan is depicted in Fig.  8. During the first 40  min of contact, the adsorption of Cu(II) ions 
increased rapidly in both the Chitosan and NiCo2O4@Chitosan composite, reaching equilibrium after 120 min. 
A concentration differential between the adsorbate in the solution and the adsorbent surface causes a high 
adsorption rate during the first phase of adsorption. However, because accessible sites on the adsorbent are 
occupied, the adsorption rate drops from 120 to 250 min as the concentration of Cu(II) ions steadily drops. 
Different adsorption techniques’ effectiveness in eliminating organic and inorganic materials from water and 

Fig. 7.  Adsorption for Cu(II) ions using (a) Langmuir and (b) Freundlich models (pH = 5, tcontact = 4 h).

 

Fig. 6.  Adsorption isotherms of Cu(II) on Chitosan and NiCo2O4@Chitosan composite.
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non-aqueous environments may be assessed using kinetics. Accurate adsorption predictions during dissolved 
chemical extraction are also made possible by kinetic analysis. Furthermore, comprehending the adsorption 
process requires a grasp of kinetics. The commonly used pseudo-first-order model was used to evaluate the 
NiCo2O4@Chitosan composite’s ability to efficiently adsorb copper from water (see Fig. 9). The linear form of 
the pseudo-first-order equation can be represented as follows:

	
Log(qe − qt) = Log(qe) − K1t

2.303
� (4)

The values (qe) and (qt) (mg/g), which stand for the equilibrium state and the quantity adsorbed at a certain time 
(t) (min), respectively, indicate the adsorption capacities of the Chitosan and NiCo2O4@Chitosan composite. 
Furthermore, the symbol (k1), expressed in min− 1, denotes the pseudo-first-order model’s rate constant. 
Nonetheless, there exists no association between the actual (qe) values and the calculations derived from the 
pseudo-first-order equation (see Table 2). This difference indicates that mass transport in the solution minimally 
influences the adsorption process, which is predominantly governed by chemisorption64.

Adsorbent recycling
The regeneration process influences the adsorption capacity. Adsorption capacity decreases gradually with 
repeated use, depending on how well the adsorbent withstands the regeneration conditions. An analysis of 
the adsorption/elution and regeneration process indicates that the necessary acid concentration is crucial for 
economic viability and the reusability of the adsorbent. The suitability of 0.10 M HCl for achieving maximum 
elution of adsorbed metal ions from the adsorbent has been confirmed. Following the elution process, the 

Fig. 8.  The relation between qe and time for different Chitosan and NiCo2O4@Chitosan composites.

 

Adsorbent

Langmuir model Freundlich model

qmax (mg/g) KL (L/mg) R2 N KF (mg)1-1/n(L)1/n (g)−1 R2

Chitosan 103.1 0.10888 0.9988 2.5 2.71 0.7874985

NiCo2O4@Chitosan 134.9 0.08979 0.9925 2.3 2.71 0.8473552

Table 1.  Langmuir and Freundlich parameters for Cu(II) adsorption onto Chitosan and NiCo2O4@Chitosan 
adsorbents.
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adsorbent is restored to its original state for subsequent adsorption experiments. In every cycle experiment, 
the concentration of metal ions was set at 400 mg L− 1, with 0.005 g of adsorbent utilized in a 50 mL beaker and 
a 10 mL HCl solution employed as the eluent. Figure 10 illustrates that following three adsorption cycles, the 
adsorption capacities of Cu diminished to 83% and 93% for Chitosan and NiCo2O4@Chitosan, respectively. 
The data indicate that the adsorption efficiency of the adsorbent after 3 cycles exceeds 80% reversibility, 
demonstrating that Chitosan and NiCo2O4@Chitosan, adsorbent is an environmentally friendly and sustainable 
option for metal ion adsorption. Otherwise, using 0.1 M HCl for regenerating adsorbents has some limitations for 
Chitosan and Chitosan/NiCo2O4 composite. For instance, incomplete Desorption of Cu(II) ions due to limited 
effectiveness on NiCo₂O₄, and Potential Degradation of Chitosan by partially soluble in acidic environments.

Conclusion
Integrating Nickel Cobaltite with biopolymers such as Chitosan can provide hybrid adsorbents with improved 
efficacy. These innovative materials provide an environmentally sustainable and cost-effective solution for 
remediating water contaminated with copper and other heavy metals, presenting a feasible approach to addressing 
water pollution in industrial and environmental settings. Research aimed at improving the manufacturing and 
effectiveness of Nickel Cobaltite-based adsorbents continues to yield significant progress in water treatment 
technologies. The adsorption of copper using NiCo2O4@Chitosan was investigated within the range of pH (3–6) 
due to the limitation of Chitosan use in low pH. Otherwise, the precipitation of copper is at a high pH. The 
provided rate constants are 0.018424 and 0.039151 (mg/g) for Chitosan and NiCo2O4@Chitosan, respectively. 
Additionally, NiCo2O4@Chitosan will be employed to remove other heavy metals from a water sample. Whereas, 
the Chitosan functionalized with nanoparticles showed promising results in heavy metal adsorption. The fit of 
the Langmuir model indicates that the adsorption process in your study follows monolayer adsorption on a 
uniform surface rather than multilayer adsorption on a varied surface.

Surface

Pseudo first order kinetic model

k1 (mgg− 1) qe (mgg− 1) R2

Chitosan 0.018424 504 0.9180921

NiCo2O4@Chitosan 0.039151 630 0.9642065

Table 2.  The parameters of the pseudo first-order model for the adsorption of Cu(II).

 

Fig. 9.  Pseudo-first-order model for Cu-adsorption upon Chitosan and NiCo2O4@Chitosan surfaces.
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Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 13 January 2025; Accepted: 31 March 2025

References
	 1.	 Ali, M. M. et al. Environmental pollution with heavy metals: A public health concern. Heavy Metals-Their Environ. Impacts 

Mitigation 771–783. (2021).
	 2.	 Sankhla, M. S., Kumari, M., Nandan, M., Kumar, R. & Agrawal, P. Heavy metals contamination in water and their hazardous effect 

on human health-a review. Int. J. Curr. Microbiol. App Sci. 5 (2016), 759–766 (2016).
	 3.	 Rahman, Z. & Singh, V. P. The relative impact of toxic heavy metals (THMs)(arsenic (As), cadmium (Cd), chromium (Cr)(VI), 

mercury (Hg), and lead (Pb)) on the total environment: an overview. Environ. Monit. Assess. 191, 1–21 (2019).
	 4.	 Mishra, S. et al. Heavy metal contamination: an alarming threat to environment and human health. Environ. Biotechnology: 

Sustainable Future 103–125 (2019).
	 5.	 Chowdhury, S., Mazumder, M. A. J., Al-Attas, O. & Husain, T. Heavy metals in drinking water: occurrences, implications, and 

future needs in developing countries. Sci. Total Environ. 569, 476–488 (2016).
	 6.	 Briffa, J., Sinagra, E. & Blundell, R. Heavy metal pollution in the environment and their toxicological effects on humans. Heliyon 6 

(2020).
	 7.	 Izydorczyk, G. et al. Potential environmental pollution from copper metallurgy and methods of management. Environ. Res. 197, 

111050 (2021).
	 8.	 Adnan, M. et al. Heavy metals pollution from smelting activities: A threat to soil and groundwater. Ecotoxicol. Environ. Saf. 274, 

116189 (2024).
	 9.	 Nairn, R. W., Griffin, B. C., Strong, J. D. & Hatley, E. L. Remediation challenges and opportunities at the Tar Creek Superfund Site, 

Oklahoma, in: Land Reclamation–A Different Approach, Proceedings, 18 Th Annual National Meeting of the American Society 
for Surface Mining and Reclamation, Albuquerque, NM. 579–584. (2001).

	10.	 Neuberger, J. S., Hu, S. C., Drake, K. D. & Jim, R. Potential health impacts of heavy-metal exposure at the Tar creek superfund site, 
Ottawa County, Oklahoma. Environ. Geochem. Health. 31, 47–59 (2009).

	11.	 Pandey, G. & Madhuri, S. Heavy metals causing toxicity in animals and fishes. Res. J. Anim. Veterinary Fish. Sci. 2, 17–23 (2014).
	12.	 He, Z. L., Yang, X. E. & Stoffella, P. J. Trace elements in agroecosystems and impacts on the environment. J. Trace Elem. Med Biol. 

19, 125–140 (2005).
	13.	 Karim, N. Copper and human health-a review. J. Bahria Univ. Med. Dent. Coll. 8, 117–122 (2018).
	14.	 Baby, J. et al. Toxic effect of heavy metals on aquatic environment. Int. J. Biol. Chem. Sci. 4 (2010).

Fig. 10.  The efficiency of Chitosan and NiCo2O4@Chitosan adsorbents for the adsorption of Cu for three 
cycles.

 

Scientific Reports |        (2025) 15:14402 10| https://doi.org/10.1038/s41598-025-96777-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	15.	 Sardar, K. et al. Heavy metals contamination and what are the impacts on living organisms. Greener J. Environ. Manage. Public. Saf. 
2, 172–179 (2013).

	16.	 Hussain, M. K. et al. Unleashing the power of bio-adsorbents: efficient heavy metal removal for sustainable water purification. J. 
Water Process. Eng. 64, 105705 (2024).

	17.	 Isibor, P. O., Agbontaen, D. O. & Adebayo, O. O. Nanochitosan-Based Water-Quality enhancement, in: Nanochitosan-Based 
Enhancement of Fisheries and Aquaculture: Aligning with Sustainable Development Goal 14–Life below Water. 159–179. 
(Springer, 2024).

	18.	 Edward, K., Yuvaraj, K. M. & Kapoor, A. Chitosan-blended membranes for heavy metal removal from aqueous systems: A review 
of synthesis, separation mechanism, and performance. Int. J. Biol. Macromol. 134996 (2024).

	19.	 Alqarni, L. S. et al. A novel Chitosan-alginate@Fe/Mn mixed oxide nanocomposite for highly efficient removal of Cr (VI) from 
wastewater: experiment and adsorption mechanism. Int. J. Biol. Macromol. 263, 129989. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​i​j​b​i​o​m​a​c​.​2​0​2​4​.​1​
2​9​9​8​9​​​​ (2024).

	20.	 Reddy, D. H. K. & Yun, Y. S. Spinel ferrite magnetic adsorbents: alternative future materials for water purification? Coord. Chem. 
Rev. 315, 90–111 (2016).

	21.	 Gao, R. et al. Remediation of Pb, Cd, and Cu contaminated soil by co-pyrolysis Biochar derived from rape straw and orthophosphate: 
speciation transformation, risk evaluation and mechanism inquiry. Sci. Total Environ. 730, 139119 (2020).

	22.	 Zhang, Y. et al. Phytoremediation potential of heavy metal in contaminated sediments by hydrophytes, Fresenius environ. Bull 28, 
1395–1403 (2019).

	23.	 Kikuchi, T. & Tanaka, S. Biological removal and recovery of toxic heavy metals in water environment. Crit. Rev. Environ. Sci. 
Technol. 42, 1007–1057 (2012).

	24.	 Souza, K. R., Silva, D. R., Mata, W., Martínez-Huitle, C. A. & Mata, A. Electrochemical technology for removing heavy metals 
present in synthetic produced water. Latin Am. Appl. Res. 42, 141–147 (2012).

	25.	 Silva, J. M. et al. Development of Chitosan/Spirulina bio-blend films and its biosorption potential for dyes. J. Appl. Polym. Sci. 134 
(2017).

	26.	 Zhang, Y. et al. Recycling spent lithium-ion battery as adsorbents to remove aqueous heavy metals: adsorption kinetics, isotherms, 
and regeneration assessment. Resour. Conserv. Recycl. 156, 104688 (2020).

	27.	 Zhai, Q. Z. Use of SBA-15 ordered nano mesoporous silica for removal of copper (II) from aqueous media: studies on equilibrium, 
isotherm, kinetics and thermodynamics. J. Environ. Chem. Eng. 7, 103069 (2019).

	28.	 Lata, S. & Samadder, S. R. Removal of arsenic from water using nano adsorbents and challenges: a review. J. Environ. Manage. 166, 
387–406 (2016).

	29.	 Adeleye, A. S. et al. Engineered nanomaterials for water treatment and remediation: costs, benefits, and applicability. Chem. Eng. J. 
286, 640–662. https://doi.org/10.1016/j.cej.2015.10.105 (2016).

	30.	 Cai, D., Zhang, T., Zhang, F. & Luo, X. Quaternary ammonium β-cyclodextrin-conjugated magnetic nanoparticles as nano-
adsorbents for the treatment of dyeing wastewater: synthesis and adsorption studies. J. Environ. Chem. Eng. 5, 2869–2878. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​e​c​e​.​2​0​1​7​.​0​6​.​0​0​1​​​​ (2017).

	31.	 Harinath, Y., Reddy, D. H. K., Sharma, L. S. & Seshaiah, K. Development of hyperbranched polymer encapsulated magnetic 
adsorbent (Fe3O4@SiO2–NH2-PAA) and its application for decontamination of heavy metal ions. J. Environ. Chem. Eng. 5, 4994–
5001. https://doi.org/10.1016/j.jece.2017.09.031 (2017).

	32.	 Sherlala, A. I. A., Raman, A. A. A., Bello, M. M. & Asghar, A. A review of the applications of organo-functionalized magnetic 
graphene oxide nanocomposites for heavy metal adsorption. Chemosphere 193, 1004–1017. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​h​e​m​o​s​p​h​e​r​
e​.​2​0​1​7​.​1​1​.​0​9​3​​​​ (2018).

	33.	 Azmana, M. et al. A review on Chitosan and Chitosan-based bionanocomposites: promising material for combatting global issues 
and its applications. Int. J. Biol. Macromol. 185, 832–848 (2021).

	34.	 Peter, S. et al. Chitin and Chitosan based composites for energy and environmental applications: a review. Waste Biomass 
Valorization. 12, 4777–4804 (2021).

	35.	 Khattak, S. et al. Applications of cellulose and Chitin/Chitosan derivatives and composites as antibacterial materials: current state 
and perspectives. Appl. Microbiol. Biotechnol. 103, 1989–2006 (2019).

	36.	 Al-Kadhi, N. S. et al. Zinc nanocomposite supported Chitosan for nitrite sensing and hydrogen evolution applications. Polym. 
(Basel). 15, 2357. https://doi.org/10.3390/polym15102357 (2023).

	37.	 Medany, S. S., Hefnawy, M. A., Fadlallah, S. A. & El-Sherif, R. M. Zinc oxide–Chitosan matrix for efficient electrochemical sensing 
of acetaminophen. Chem. Pap. 78, 3049–3061. https://doi.org/10.1007/s11696-023-03292-3 (2024).

	38.	 Hefnawy, M. A., Abdel-Gaber, R., Gomha, S. M., Zaki, M. E. A. & Medany, S. S. Green synthesis of Cobalt oxide decorated 
Chitosan substrates for electrochemical detection of nitrite and hydrogen evolution reactions. Electrocatalysis 15, 496–506. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​2​6​7​8​-​0​2​4​-​0​0​8​8​9​-​4​​​​ (2024).

	39.	 Goudali, O., El Kaimbillah, R., Agunaou, M., El Azhar, M. & Soufiane, A. Comparative study of adsorption of fluoride ions on 
Chitosan gel beads and cross-linked Chitosan gel beads. Egypt. J. Chem. 63, 4253–4259 (2020).

	40.	 Iber, B. T., Kasan, N. A., Torsabo, D. & Omuwa, J. W. A review of various sources of Chitin and Chitosan in nature. J. Renew. Mater. 
10, 1097 (2022).

	41.	 Berezina, N. Production and application of Chitin. Phys. Sci. Reviews. 1, 20160048 (2016).
	42.	 Guibal, E. Interactions of metal ions with Chitosan-based sorbents: a review. Sep. Purif. Technol. 38, 43–74 (2004).
	43.	 Kaim Billah, R. E. L. et al. Multifunctional biocomposites based on cross-linked shrimp waste-derived Chitosan modified Zn2+@

Calcium apatite for the removal of Methyl orange and antibacterial activity. Mater. Today Sustain. 25, 100660. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​m​t​s​u​s​t​.​2​0​2​3​.​1​0​0​6​6​0​​​​ (2024).

	44.	 Algethami, J. S. et al. Chitin extraction from crab shells and synthesis of Chitin @metakaolin composite for efficient amputation of 
Cr (VI) ions. Environ. Res. 252, 119065. https://doi.org/10.1016/j.envres.2024.119065 (2024).

	45.	 Algethami, J. S., Alhamami, M. A. M., Alqadami, A. A., Melhi, S. & Seliem, A. F. Magnetic hydrochar grafted-Chitosan for 
enhanced efficient adsorption of malachite green dye from aqueous solutions: modeling, adsorption behavior, and mechanism 
analysis. Int. J. Biol. Macromol. 254, 127767. https://doi.org/10.1016/j.ijbiomac.2023.127767 (2024).

	46.	 Ahmad, S. Z. N. et al. Adsorptive removal of heavy metal ions using graphene-based nanomaterials: toxicity, roles of functional 
groups and mechanisms. Chemosphere 248, 126008 (2020).

	47.	 Bashir, A. et al. Removal of heavy metal ions from aqueous system by ion-exchange and biosorption methods. Environ. Chem. Lett. 
17, 729–754 (2019).

	48.	 Verbych, S., Bryk, M., Chornokur, G. & Fuhr, B. Removal of copper (II) from aqueous solutions by Chitosan adsorption. Sep. Sci. 
Technol. 40, 1749–1759 (2005).

	49.	 Alamro, F. S. et al. Synthesis of spinel nickel ferrite (NiFe2O4)/CNT electrocatalyst for ethylene glycol oxidation in alkaline medium. 
Heliyon 10, e35791 (2024).

	50.	 Alamro, F. S. et al. Controllable synthesis of Fe2O3/Nickel Cobaltite electrocatalyst to enhance oxidation of small molecules. 
Catalysts 14, 329. https://doi.org/10.3390/catal14050329 (2024).

	51.	 Medany, S. S., Hefnawy, M. A. & Kamal, S. M. High-performance spinel NiMn2O4 supported carbon felt for effective electrochemical 
conversion of ethylene glycol and hydrogen evolution applications. Sci. Rep. 14, 471. https://doi.org/10.1038/s41598-023-50950-3 
(2024).

Scientific Reports |        (2025) 15:14402 11| https://doi.org/10.1038/s41598-025-96777-y

www.nature.com/scientificreports/

https://doi.org/10.1016/j.ijbiomac.2024.129989
https://doi.org/10.1016/j.ijbiomac.2024.129989
https://doi.org/10.1016/j.cej.2015.10.105
https://doi.org/10.1016/j.jece.2017.06.001
https://doi.org/10.1016/j.jece.2017.06.001
https://doi.org/10.1016/j.jece.2017.09.031
https://doi.org/10.1016/j.chemosphere.2017.11.093
https://doi.org/10.1016/j.chemosphere.2017.11.093
https://doi.org/10.3390/polym15102357
https://doi.org/10.1007/s11696-023-03292-3
https://doi.org/10.1007/s12678-024-00889-4
https://doi.org/10.1007/s12678-024-00889-4
https://doi.org/10.1016/j.mtsust.2023.100660
https://doi.org/10.1016/j.mtsust.2023.100660
https://doi.org/10.1016/j.envres.2024.119065
https://doi.org/10.1016/j.ijbiomac.2023.127767
https://doi.org/10.3390/catal14050329
https://doi.org/10.1038/s41598-023-50950-3
http://www.nature.com/scientificreports


	52.	 Alamro, F. S., Medany, S. S., Al-Kadhi, N. S., Ahmed, H. A. & Hefnawy, M. A. Modified NiFe2O4-Supported graphene oxide for 
effective Urea electrochemical oxidation and water splitting applications. Molecules 29, 1215 (2024).

	53.	 Bashal, A. H. et al. Green synthesis of NiFe2O4 Nano-Spinel Oxide-Decorated carbon nanotubes for efficient capacitive 
Performance—Effect of electrolyte concentration. Nanomaterials 13. https://doi.org/10.3390/nano13192643 (2023).

	54.	 Liu, Z., Chen, G., Li, X. & Lu, X. One-pot synthesis of nano-MnFe2O4 decorated Al2O3 and its application in Cu2+ adsorption. 
Desalin. Water Treat. 210, 351–364 (2021).

	55.	 Moeinpour, F. & Kamyab, S. Adsorption characteristics of Cu2+ on NiFe2O4 magnetic nanoparticles. J. Water Reuse Desalin. 5, 
223–230 (2015).

	56.	 Xiao, Y., Liang, H., Chen, W. & Wang, Z. Synthesis and adsorption behavior of Chitosan-coated MnFe2O4 nanoparticles for trace 
heavy metal ions removal. Appl. Surf. Sci. 285, 498–504. https://doi.org/10.1016/j.apsusc.2013.08.083 (2013).

	57.	 Medany, S. S. & Hefnawy, M. A. Nickel–cobalt oxide decorated Chitosan electrocatalyst for ethylene glycol oxidation. Surf. 
Interfaces 103077. https://doi.org/10.1016/j.surfin.2023.103077 (2023).

	58.	 Han, S. et al. ZnWO4 nanoflakes decorated NiCo2O4 nanoneedle arrays grown on carbon cloth as supercapacitor electrodes. Mater. 
Lett. 193, 89–92 (2017).

	59.	 Alamro, F. S. et al. Chitosan supports boosting NiCo2O4 for catalyzed Urea electrochemical removal application. Polym. (Basel). 
15. https://doi.org/10.3390/polym15143058 (2023).

	60.	 Medany, S. S., Nafady, A., Soomro, R. A. & Hefnawy, M. A. Construction of Chitosan-supported nickel Cobaltite composite for 
efficient electrochemical capacitor and water-splitting applications. Sci. Rep. 14, 2453. https://doi.org/10.1038/s41598-023-49692-z 
(2024).

	61.	 Muflikhah, M., Rusdiarso, B., Putra, E. & Nuryono, N. Modification of silica coated on iron sand magnetic material with Chitosan 
for adsorption of Au(III). Indonesian J. Chem. 17, 264. https://doi.org/10.22146/ijc.22549 (2017).

	62.	 Semwal, A., Singh, B., Archana, D., Verma, A. & Dutta, P. Ciprofloxacin Pro-Drugs: synthesis, Physico-chemical and biological 
Assess-ment for drug delivery systems. J. Polym. Mater. 29, 1–13 (2012).

	63.	 Georgieva, V., Zvezdova, D. & Vlaev, L. Non-isothermal kinetics of thermal degradation of Chitosan. Chem. Cent. J. 6, 81. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​1​7​5​2​-​1​5​3​X​-​6​-​8​1​​​​ (2012).

	64.	 Peng, S., Meng, H., Ouyang, Y. & Chang, J. Nanoporous magnetic Cellulose–Chitosan composite microspheres: preparation, 
characterization, and application for Cu (II) adsorption. Ind. Eng. Chem. Res. 53, 2106–2113 (2014).

Author contributions
Conception and design of study: N. E. A. E.-G, S. S. M, M. A. H. Acquisition of data: N. E. A. E.-G, S. S. M, M. 
A. H. Analysis and interpretation of data: N. E. A. E.-G, S. S. M, M. A. H. Drafting the manuscript: N. E. A. E.-
G, S. S. M, M. A. H, Revising the manuscript critically for important intellectual content: N. E. A. E.-G, S. S. M, 
M. A. H.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​6​7​7​7​-​y​​​​​.​​

Correspondence and requests for materials should be addressed to N.E.A.E.-G., S.S.M. or M.A.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, 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 http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:14402 12| https://doi.org/10.1038/s41598-025-96777-y

www.nature.com/scientificreports/

https://doi.org/10.3390/nano13192643
https://doi.org/10.1016/j.apsusc.2013.08.083
https://doi.org/10.1016/j.surfin.2023.103077
https://doi.org/10.3390/polym15143058
https://doi.org/10.1038/s41598-023-49692-z
https://doi.org/10.22146/ijc.22549
https://doi.org/10.1186/1752-153X-6-81
https://doi.org/10.1186/1752-153X-6-81
https://doi.org/10.1038/s41598-025-96777-y
https://doi.org/10.1038/s41598-025-96777-y
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Synthesis of NiCo﻿2﻿O﻿4﻿ supported on Chitosan for potential adsorption of copper ions in water samples
	﻿Experimental section
	﻿Chemical and reagents
	﻿Preparation of nickel Cobalt spinel oxide
	﻿Preparation of NiCo﻿2﻿O﻿4﻿ supported on Chitosan
	﻿UV-Vis measurement

	﻿Results and discussion
	﻿Analysis
	﻿Study of copper adsorption on Chitosan and NiCo﻿2﻿O﻿4﻿@Chitosan
	﻿Adsorbent recycling

	﻿Conclusion
	﻿References


