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Cadmium ions constitute a major threat to human health and the environment owing to their 
toxicity, bioaccumulation, and persistence in water bodies, causing renal dysfunction, cancer, and 
cardiovascular diseases. Hence, this study reports the facile fabrication of a novel sodium iron oxide 
silicate@amorphous sodium iron silicate product (S1) and its chitosan composite (S1@chitosan) for 
the high-performance separation of Cd(II) ions from aquatic environments. The Brunauer-Emmett-
Teller surface area, total pore volume, and mean pore diameter of S1 were 94.97 m2/g, 0.5853 cm3/g, 
and 25.65 nm, respectively, while those for S1@chitosan were 30.94 m2/g, 0.09518 cm3/g, and 
12.31 nm, respectively. The reduction in pore diameter, pore volume, and surface area confirms the 
successful functionalization of S1 with chitosan, as the chitosan coating partially blocks and fills the 
pores, reducing the available surface area and porosity. Also, scanning electron microscope (SEM) 
images revealed an uneven surface morphology for S1 and a more textured and rougher surface for 
S1@chitosan, supporting the incorporation of chitosan. Besides, energy-dispersive X-ray spectroscopy 
(EDX) and CHN analyses affirmed the existence of chitosan in the composite through the detection of 
carbon and nitrogen elements, characteristic of chitosan. The optimum conditions for the removal of 
Cd(II) ions were determined to be a contact time of 70 min for S1 and 50 min for S1@chitosan, a pH 
of 7.50, and a temperature of 298 K. The maximum sorption capacities were 284.09 mg/g for S1 and 
389.11 mg/g for S1@chitosa. The removal mechanism for S1 primarily involves ion exchange, while 
S1@chitosan utilizes both ion exchange and complexation through the amino and hydroxyl groups 
of chitosan. Regeneration using HCl confirmed the effective reusability of both adsorbents over five 
successive cycles. The adsorption process was found to be chemical, exothermic, and best described by 
the pseudo-second-order kinetic model and Langmuir isotherm.
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Heavy metals from industrial, urban, and agricultural activities contaminate water and cause serious environmental 
and health risks1–6. In humans, they are linked to neurological issues, organ damage, cardiovascular diseases, and 
cancer7–10. Cd(II) ions are highly toxic, persist in the body, and can cause organ damage, osteoporosis, cancer, 
and cardiovascular diseases by disrupting calcium metabolism11–14. Various methods have been employed to 
remove heavy metals from contaminated water, including chemical precipitation15, membrane filtration16, 
electrochemical17, and adsorption18. Among these, adsorption has gained significant attention owing to its 
simplicity, cost-effectiveness, high efficiency, and the possibility of utilizing a wide range of adsorbent materials. 
Adsorption is a process that includes the adhesion of heavy metal ions onto the surface of solid materials, which 
can then be separated from the water. It is considered a versatile method that can be applied to treat water 
contaminated with low concentrations of heavy metals, making it suitable for various water treatment scenarios19. 
The adsorption method offers several advantages over other techniques for removing heavy metals. Unlike 
chemical precipitation, adsorption does not require large quantities of chemicals, making it an environmentally 
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friendly process. Compared to membrane filtration and electrochemical methods, adsorption is less energy-
intensive and can be conducted using simple equipment, making it accessible to regions with limited resources. 
Adsorbents used in this process can often be regenerated and reused, enhancing the sustainability of the method. 
Additionally, adsorption can achieve high removal efficiencies, even at low concentrations of heavy metals, due 
to the high affinity of certain adsorbent materials for metal ions20. Lately, there has been a surge in interest 
regarding the application of metal oxides, amorphous sodium aluminum silicates, and chitosan composites for 
the adsorption of heavy metals. Metal oxides, such as iron-manganese oxide and cobalt ferrite, possess high 
surface areas and active sites, making them effective adsorbents for heavy metal ions21–23. Amorphous sodium 
aluminum silicates, with their high surface area, porosity, and high adsorption capacity due to the sodium ion-
exchange property, provide excellent adsorption capacities and selectivity for various heavy metals24,25. Chitosan, 
a biopolymer derived from chitin, has been extensively explored for its adsorption properties. Various composites, 
including carbon nanotubes/chitosan26, boehmite/chitosan27, chitosan/Fe3O4/bentonite28, magnetic graphene 
oxide/chitosan29, and vermiculite/chitosan30, have been developed to enhance metal ion removal efficiency due 
to the presence of amino and hydroxyl functional groups that can form complexes with metal ions. Composites 
of these materials combine the advantages of their individual components, resulting in synergistic effects that 
enhance adsorption performance, stability, and reusability. The current research introduces an innovative aspect 
by synthesizing a novel sodium iron oxide silicate@amorphous sodium iron silicate product and its chitosan 
composite for the high-performance separation of Cd(II) ions from aquatic environments. The design of this 
new composite combines the ion-exchange adsorption property of sodium iron oxide silicate@amorphous 
sodium iron silicate product with the adsorption complexation property of chitosan functional groups (NH2 and 
OH), resulting in a unique adsorbent with enhanced properties. The composite’s ability to effectively adsorb and 
remove Cd(II) ions from aqueous media is examined under various experimental conditions, including different 
pH levels, contact times, temperatures, and preliminary concentrations of Cd(II). Additionally, the regeneration 
efficiency and reusability of the adsorbents were systematically evaluated.

Experimental
Chemicals
Iron(III) chloride hexahydrate (FeCl3·6H2O), sodium hydroxide (NaOH), sodium metasilicate pentahydrate 
(Na2SiO3·5H2O), cadmium(II) nitrate tetrahydrate (Cd (NO3)2·4H2O), chitosan ((C6H11NO4)n), and 
hydrochloric acid (HCl) were obtained from Sigma-Aldrich chemical company.

Synthesis of adsorbents
Synthesis of sodium iron oxide silicate@amorphous sodium iron silicate
To synthesize sodium iron oxide silicate@amorphous sodium iron silicate, 15.00  g sodium metasilicate 
pentahydrate (Na2SiO3·5H2O) was solubilized in in 70 mL distilled water. Separately, 4.00 g iron(III) chloride 
hexahydrate (FeCl3·6H2O) was solubilized in another 70 mL distilled water. A solution of FeCl3·6H2O was 
gradually added dropwise to the Na2SiO3·5H2O solution under continuous stirring for 60 min. The resulting 
precipitate was separated by filtration, thoroughly washed with distilled water multiple times to remove any 
residual impurities, and dried at room temperature to obtain the desired sodium iron oxide silicate@amorphous 
sodium iron silicate. Figure  1A illustrates the synthesis process of sodium iron oxide silicate@amorphous 
sodium iron silicate, which was abbreviated as S1.

Synthesis of S1@chitosan composite
To synthesize the S1@chitosan composite, 2.00 g chitosan was dissolved in 120 mL of a 1 M acetic acid solution. 
After that, 2.00 g of the S1 sample was added to the chitosan solution with stirring continuously for 2 h. The 
mixture obtained in the previous step was then incorporated into 250 mL of a 0.50 M NaOH solution with 
stirring continuously for another 2 h to facilitate the formation of the composite. The resulting product was 
filtered, thoroughly washed with distilled water to remove any residual impurities, and dried at room temperature 
to obtain the S1@chitosan composite. Figure 1B illustrates the synthesis process of the S1@chitosan composite.

Instrumentation
The structural properties of the S1 and S1@chitosan samples were analyzed using an X-ray diffraction (XRD) 
system (X’Pert PRO, PANalytical, Netherlands) to determine their crystalline phases. The porosity and specific 
surface area of the samples were measured utilizing a surface area analyzer (NOVA2000 series, Quantachrome, 
USA). A scanning electron microscope (SEM) (JSM-6510LV, JEOL Ltd., Japan) was employed to observe the 
surface morphology, while elemental composition was assessed using energy-dispersive X-ray spectroscopy 
(EDX) (X-Max 20, Oxford, England). The elemental composition of carbon, hydrogen, and nitrogen in the S1@
chitosan sample was determined using a CHN Elemental Analyzer (PerkinElmer, 2400 Series II, USA).

Removal of Cd(II) ions from aqueous media
The removal of Cd(II) ions from aqueous media was performed under various experimental conditions to 
investigate the effects of pH, contact time, temperature, and initial concentration on the adsorption efficiency 
using S1 and S1@chitosan adsorbents. The experimental conditions for these studies are summarized in Table 1. 
After the stirring process is completed, the adsorbent is separated from the solution by centrifugation, and the 
final concentration of Cd(II) ions remaining in the resulting filtrate is accurately measured utilizing an atomic 
absorption spectrophotometer (AAS ZEEnit 700 p, Analytik Jena AG, Germany).

Besides, the separation percentage of Cd(II) ions (% R) as well as sorption capacity of the synthesized 
adsorbents (Q) were calculated utilizing Eqs. (1) and (2), respectively31,32.
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% R = Co − Ce

Co
× 100� (1)

	
Q = (Co − Ce) × V

W
� (2)

where, Co​ describes the preliminary concentration of Cd(II) ions (mg/L) and Ce​ describes the concentration of 
Cd(II) ions at equilibrium state (mg/L). Also, V describes the total volume of the Cd(II)-containing solution (L) 
and W describes the mass of the adsorbent (g).

The regeneration of Cd(II)-laden adsorbent was conducted to evaluate the desorption efficiency of Cd(II) 
ions using hydrochloric acid (HCl) as the eluting agent. Three different concentrations of HCl (0.5 M, 1 M, and 
1.5 M) were prepared, and 50 mL of each solution was used for the desorption process. The adsorbent containing 
Cd(II) ions was treated with the respective eluting agent solutions then stirred for 30 min to release the adsorbed 
Cd(II) ions. Using Eq. 3, the desorption percentage of Cd(II) ions (% D) was evaluated33.

	
% D = 100CdVd

(Co − Ce)V � (3)

where, Cd​ describes the concentration of Cd(II) ions in the desorbing solution (mg/L) whereas Vd​ describes the 
volume of the desorbing solution (L).

The reusability of S1 and S1@chitosan adsorbents for the separation of Cd(II) ions was evaluated over five 
consecutive adsorption-desorption cycles using Eq. (1). Each cycle was performed using a Cd(II) solution with 
an initial concentration of 200 mg/L and a volume of 100 mL. The amount of adsorbent used in each cycle was 
0.05 g. The experiments were conducted at a temperature of 298 K and a pH of 7.5. The contact time for each 
cycle was 70 min for S1 and 50 min for S1@chitosan.

Effect pH
Time
(min)

Temperature
(K)

Concentration
(mg/L)

Cd(II) solution volume (mL) 100 100 100 100

Cd(II) solution concentration (mg/L) 200 200 200 50–300

Temperature (K) 298 298 298–328 298

Stirring time (min) 180 10–100 70 (S1)
50 (S1@chitosan)

70 (S1)
50 (S1@chitosan)

Quantity of adsorbent 0.05 0.05 0.05 0.05

pH 2.5–7.5 7.5 7.5 7.5

Table 1.  Experimental conditions for investigating the effect of pH, time, temperature, and concentration on 
the adsorption efficiency of Cd(II) ions using S1 and S1@chitosan adsorbents.

 

Fig. 1.  Schematic representation of the synthesis processes of (A) S1 and (B) S1@chitosan adsorbents.
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Results and discussion
 Characterization of S1 and S1@chitosan composite
The XRD analysis of the S1 sample, which is a crystalline sodium iron oxide silicate@amorphous sodium iron 
silicate, reveals a broad band characteristic of amorphous sodium iron silicate at 2θ angle equals 31.12°, as shown 
in Fig. 2. For the crystalline sodium iron oxide silicate phase, distinct peaks were observed at the following 2θ 
angles: 29.09°, 31.49°, 32.49°, 33.79°, 40.03°, 43.85°, 49.12°, 52.97°, and 57.74°. These peaks correspond to the 
miller indices (123), (114), (132), (124), (142), (135), (008), (062), and (245), respectively. In contrast, the S1@

Fig. 2.  XRD of (A) S1 and (B) S1@chitosan samples.

 

Scientific Reports |        (2025) 15:16456 4| https://doi.org/10.1038/s41598-025-99232-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


chitosan sample, which is an amorphous sodium iron silicate/sodium iron oxide silicate/chitosan composite, 
shows characteristic peaks of chitosan at 2θ angles of 8.90° and 20.28°, in addition to the peaks observed for 
the S1 sample, indicating the successful incorporation of chitosan into the composite structure. The decrease 
observed in the intensity of the characteristic peaks of sodium iron oxide silicate in the S1@chitosan sample 
compared to the S1 sample is attributed to the incorporation of chitosan. The incorporation of chitosan into the 
composite structure leads to a reduction in the crystallinity of the sodium iron oxide silicate phase, as chitosan is 
an amorphous material that can obscure the diffraction signals of the crystalline phases. This reduction in peak 
intensity confirms the successful integration of chitosan within the composite, thereby altering its structural 
properties.

The FTIR spectrum of S1 (sodium iron oxide silicate@amorphous sodium iron silicate) product, as shown 
in Fig. 3A, exhibits distinct vibrational bands confirming the presence of key functional groups. A broad band 
observed at 3207 cm− 1 is attributed to O–H stretching vibrations, indicating hydroxyl groups and adsorbed water 
molecules. A peak at 1601 cm− 1 corresponds to H–O–H bending vibrations, suggesting the presence of water 
molecules or hydrated components. A strong absorption around 982 cm− 1 is assigned to Si–O–Si and Si–O–Fe 
stretching vibrations, confirming the silicate framework and its interaction with iron oxide. A characteristic peak 
at 642 cm− 1 represents Fe–O stretching vibrations supporting the formation of iron oxide phases. Sharp bands 
at 473 cm− 1 correspond to Fe–O and Fe–O–Si vibrational modes, further validating the interaction between 
iron oxide and the silicate matrix. The FTIR spectrum of S1@Chitosan composite (Fig. 3B) exhibits distinct 
vibrational bands that confirm the presence of key functional groups from both S1 and chitosan components. 
The band at 1153 cm− 1 is due to C–O–C stretching vibrations from chitosan, indicating the presence of ether 
linkages in the polymer backbone. The peak at 1601 cm− 1 corresponds to H–O–H bending vibrations, suggesting 
the presence of water molecules or amide functional groups from chitosan. The band at 2900 cm− 1 arises from 
C–H stretching vibrations, confirming the presence of aliphatic bonds in chitosan. The broad band at 3440 cm− 1 
is attributed to O–H and N–H stretching vibrations, confirming the presence of hydroxyl and amine functional 
groups from chitosan and possible hydrogen bonding within the composite.

The energy-dispersive X-ray spectroscopy (EDX) analysis described in Fig. 4A,B demonstrates the elemental 
composition of the S1 and S1@chitosan samples, respectively. The EDX spectra show significant changes in the 
elemental composition upon functionalization of the S1 sample with chitosan, as summarized in Table 2. In the 
EDX spectrum of S1 (Fig. 4A), the dominant elements observed are oxygen (O), sodium (Na), silicon (Si), and 
iron (Fe). The atomic percentages of O (48.48%), Na (15.79%), Si (24.54%), and Fe (11.19%) further corroborate 
the composition of the S1 sample as primarily consisting of these elements. In contrast, the EDX spectrum 
of the S1@chitosan sample (Fig. 4B) reveals additional peaks corresponding to carbon (C) and nitrogen (N), 
which are characteristic of the chitosan polymer. The appearance of C (24.30%) and N (18.11%) signals, along 
with a noticeable decrease in the atomic percentages of O (37.27%), Na (7.06%), Si (7.61%), and Fe (5.65%), 
indicates successful functionalization of the S1 sample with chitosan. Besides, The CHN elemental analysis of 
the S1@chitosan sample provides further confirmation of the successful functionalization of the S1 sample with 
chitosan. The analysis shows a carbon (C) content of 20.08%, a hydrogen (H) content of 1.45%, and a nitrogen (N) 
content of 9.92%, which are characteristic of the chitosan structure. Chitosan is a polysaccharide rich in carbon, 
hydrogen, and nitrogen due to its repeating glucosamine units containing amino (−NH2) groups. The presence 
of significant amounts of carbon and nitrogen in the S1@chitosan sample is consistent with the incorporation of 
chitosan onto the surface of S1 sample. The observed nitrogen content (9.92%) in particular is a strong indicator 
of chitosan presence since nitrogen is not naturally found in the original S1 sample. This is further supported 
by the notable carbon content (20.08%), which aligns with the carbon-rich nature of the chitosan polymer. The 
relatively low hydrogen content (1.45%) can be explained by the fact that while chitosan contains hydrogen, its 
contribution to the total weight% is less pronounced compared to carbon and nitrogen due to the molecular 
structure of chitosan and the composition of S1. The data from the CHN analysis corroborates the elemental 
results from the EDX analysis, which also showed an increase in carbon and nitrogen percentages after the 
functionalization of S1 with chitosan.

Figure 5 shows the nitrogen adsorption-desorption isotherms for the S1 and S1@chitosan samples, illustrating 
their surface properties across a range of relative pressures. The isotherms reveal a significant difference in the 
adsorption behavior between the two samples, indicating that S1 has a higher adsorption capacity compared to 
S1@chitosan. Table 3 provides quantitative data on the BET surface area, mean pore diameter, as well as total 
pore volume for both samples. The BET surface area of S1 is 94.97 m2/g, while that of S1@chitosan is reduced to 
30.94 m2/g. Similarly, the mean pore diameter and total pore volume of the S1 sample are larger, with values of 
25.65 nm and 0.5853 cm3/g, respectively, compared to 12.31 nm and 0.09518 cm3/g for the S1@chitosan sample. 
The smaller mean pore diameter, total pore volume, and BET surface area of the S1@chitosan sample compared 
to the S1 sample are likely due to the chitosan incorporation, which blocks some of the pores and reduces the 
overall porosity in addition to the surface area available for nitrogen adsorption. The reduction in pore size and 
volume suggests that the chitosan layer fills or partially obstructs the existing pores of the S1 material, thereby 
limiting the accessible surface area for gas adsorption. The nitrogen adsorption-desorption isotherms of both 
samples exhibit a type IV isotherm pattern, which is characteristic of mesoporous materials34. The data indicates 
that both S1 and S1@chitosan samples contain mesopores since their average pore sizes are greater than 2 nm, 
aligning with the IUPAC definition of mesoporous materials.

Figure 6A,B shows the SEM images of S1 and S1@chitosan samples, respectively, providing insight into their 
morphological characteristics before and after functionalization with chitosan. The SEM image of S1 (Fig. 6A) 
reveals an uneven surface morphology with agglomerated particles, indicative of the amorphous nature of the 
sodium iron silicate material. The surface appears relatively smooth with scattered aggregates, suggesting a high 
degree of particle cohesion and some inherent porosity typical of amorphous materials. In contrast, the SEM 
image of the S1@chitosan sample (Fig. 6B) shows significant changes in the surface morphology upon chitosan 
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functionalization. The surface of S1@chitosan appears more textured and rougher, with additional layers and 
flakes covering the material. These changes suggest that the chitosan has successfully functionalized the S1 sample, 
forming a more complex and interconnected network structure. The increased roughness and the appearance 
of new morphological features are consistent with the presence of chitosan, which may have penetrated the 
interstitial spaces between S1 particles, leading to enhanced aggregation and a more heterogeneous surface. The 
observed morphological transformation from S1 to S1@chitosan, as indicated by the SEM images, supports the 
successful functionalization of S1 with chitosan.

Fig. 3.  FTIR of (A) S1 and (B) S1@chitosan samples.
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Disposal of Cd(II) ions from aqueous environments
Effect of pH
The dependence of the separation efficiency of Cd(II) ions on pH shows that the separation efficiency of Cd(II) 
ions utilizing the S1 and S1@chitosan adsorbents increases as the pH rises (Fig.  7). At a lower pH of 2.50, 
the separation efficiency of Cd(II) ions is relatively low, with S1 achieving 2.19% and S1@chitosan achieving 
3.44%, indicating minimal adsorption under acidic conditions. This lower separation efficiency at low pH is 
due to the high concentration of hydrogen ions (H⁺) in the solution, which compete with Cd(II) ions for the 

Fig. 4.  EDX of (A) S1 and (B) S1@chitosan samples.
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available adsorption sites on the surface of the adsorbents. Additionally, at reduced pH values, the surface of 
the adsorbents becomes more protonated, reducing the number of negatively charged sites available for binding 
with positively charged Cd(II) ions. In contrast, at a higher pH of 7.50, the separation efficiency of Cd(II) ions 
significantly improves, with S1 reaching 68.40% and S1@chitosan reaching 94.80%. At higher pH values, the 

Sample
Mean pore diameter
(nm)

BET surface area
(m2/g)

Total pore volume
(cm3/g)

S1 25.65 94.97 0.5853

S1@chitosan 12.31 30.94 0.09518

Table 3.  BET surface area, mean pore diameter, and total pore volume characteristics of S1 and S1@chitosan 
samples.

 

Fig. 5.  Nitrogen adsorption-desorption isotherms of S1 and S1@chitosan samples.

 

Sample

Atomic percentage

% O % Na % Si % Fe % C % N

S1 48.48 15.79 24.54 11.19 0.00 0.00

S1@chitosan 37.27 7.06 7.61 5.65 24.30 18.11

Table 2.  Elemental composition of S1 and S1@chitosan samples.
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concentration of hydrogen ions decreases, reducing competition for adsorption sites and allowing more Cd(II) 
ions to bind to the adsorbent surface. The S1 adsorbent removes Cd(II) ions primarily through ion exchange, 
where sodium ions (Na⁺) present in the adsorbent are exchanged with Cd(II) ions in the solution. This ion 
exchange process occurs because, in the S1 adsorbent, some Fe(III) ions Substitute certain Si(IV) ions, resulting 
in a negative charge on the adsorbent’s surface. This negative charge is neutralized by Na⁺ ions, which are readily 
exchanged with Cd(II) ions from the solution, enhancing the adsorbent’s performance to adsorb Cd(II) ions as 
the pH increases. The reaction can be expressed by Eq. (4).

Fig. 6.  SEM images of (A) S1 and (B) S1@chitosan samples.
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	 S1 − 2Na+ + Cd2+ → S1 − Cd2+ + 2Na+� (4)

Furthermore, the S1@chitosan adsorbent consistently exhibits a greater removal efficiency compared to S1 due 
to the combined mechanisms of ion exchange and complexation via the NH2 and OH groups of chitosan. As the 
pH rises, the deprotonation of these functional groups occurs, increasing their ability to form complexes with 
Cd(II) ions, thereby further enhancing the separation efficiency. The complexation process can be represented 
by Eqs. (5) and (6).

	 2Chitosan − OH + Cd2+ → (Chitosan − O)2 − Cd + 2H+� (5)

	 2Chitosan − NH2 + Cd2+ → (Chitosan − NH)2 − Cd + 2H+� (6)

Effect of contact time
The separation efficiency of Cd(II) ions by S1 and S1@chitosan adsorbents increases with time (Fig.  8), 
reaching an equilibrium point where no further significant change is observed, indicating the saturation of 
the adsorbent surfaces. For the S1 adsorbent, the removal efficiency equals 34.83% at 10  min and gradually 
increases to 67.88% at 70  min. Beyond 70  min, the separation efficiency does not change significantly. This 
indicates that the equilibrium time for the S1 adsorbent is 70 min, beyond which no further adsorption occurs 
owing to the maximal occupancy of adsorption centers. In contrast, the S1@chitosan adsorbent shows a much 
faster adsorption process, with the separation efficiency reaching 75.94% at 10 min. The efficiency continues 
to increase rapidly, reaching 94.38% at 50  min. Beyond 50  min, the separation efficiency remains relatively 
constant, indicating that the equilibrium time for the S1@chitosan adsorbent is 50 min, after which no additional 
adsorption takes place owing to the maximal occupancy of adsorption centers. Comparing the two adsorbents, 
S1@chitosan consistently shows a higher separation efficiency of Cd(II) ions than S1 across all time points. The 

Fig. 7.  Effect of solution pH on the separation efficiency of Cd(II) ions utilizing S1 and S1@chitosan samples.
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faster equilibrium time for S1@chitosan (50 min) compared to S1 (70 min) highlights the enhanced adsorption 
capacity and efficiency of S1@chitosan due to the combined mechanisms of ion exchange and complexation 
via the NH2 and OH groups of chitosan. The results demonstrate that S1@chitosan not only reaches a higher 
separation efficiency but also does so in a significantly shorter time, making it a more effective adsorbent for 
Cd(II) ions.

The data were studied using the pseudo-1st -order as well as pseudo-2nd -order kinetic models as illustrated 
in Fig. 9A,B, respectively. The pseudo-1st -order model is represented by Eq. (7)35,36.

	
log (Qe − Qt) = log Qe − Z1

2.303 t� (7)

where, Qe​ is the amount of adsorbate adsorbed at equilibrium, Qt​ is the amount of adsorbate adsorbed at time t, 
and Z1​ is the rate constant of the pseudo-1st -order adsorption model.

Also, the pseudo-2nd -order model is represented by Eq. (8)35,37.

	
t

Qt
= 1

Z2Q2
e

+ 1
Qe

t� (8)

where, Z2​ is the rate constant of the pseudo-2nd -order adsorption model.
The constants Z1​, Z2​, and Qe​ were established for each model and are presented in Table 4. The adsorption 

process aligns with the pseudo-2nd -order model, as indicated by the QExp and R2 values in Table  4. The 
experimental QExp values for both S1 and S1@chitosan closely match the calculated Qe sorption values, and 
the higher R2 values in the pseudo-2nd -order model confirm a more accurate description of the separation 
mechanism.

Fig. 8.  Effect of time on the separation efficiency of Cd(II) ions utilizing S1 and S1@chitosan samples.

 

Scientific Reports |        (2025) 15:16456 11| https://doi.org/10.1038/s41598-025-99232-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Effect of temperature
As depicted in Fig. 10, the results imply that the separation efficiency of Cd(II) ions by both S1 and S1@chitosan 
adsorbents decreases in response to temperature elevation, suggesting that the separation process is exothermic. 
At lower temperatures, the adsorbents have a higher affinity for Cd(II) ions, leading to greater separation 
efficiency, while at higher temperatures, the separation efficiency diminishes, likely due to the increased kinetic 
energy of the Cd(II) ions, which reduces their interaction with the adsorbent surfaces. At 298  K, as shown 

Fig. 9.  (A) Pseudo-1st -order and (B) pseudo-2nd -order kinetic models for the adsorption of Cd(II) ions onto 
S1 and S1@chitosan adsorbents.
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in Fig. 10, the separation efficiency is relatively high for both adsorbents, with S1 achieving 67.88% and S1@
chitosan reaching 94.38%. This difference indicates that S1@chitosan, due to its enhanced functional groups, 
such as NH2 and OH groups from chitosan, provides a greater number of active sites for adsorption, resulting 
in significantly higher efficiency compared to S1. At this temperature, the adsorption process is most favorable, 
and the higher efficiency of S1@chitosan underscores its superior performance in capturing Cd(II) ions. At 
328 K, as depicted in Fig. 10, the separation efficiencies for both adsorbents decrease markedly, with S1 showing 
a separation efficiency of 26.81% and S1@chitosan achieving 68.33%. The significant reduction at this elevated 
temperature suggests that the thermal energy disrupts the adsorption interactions, such as ion exchange and 
complexation, between the Cd(II) ions and the adsorbent surfaces.

Figure 11 and Table 5 provide insights into the thermodynamic behavior of Cd(II) ion adsorption onto S1 
and S1@chitosan adsorbents. The thermodynamic parameters were calculated using Eqs. (9–11). Equation (9) 
allows for the determination of the adsorption distribution constant (Zd)35.

Fig. 10.  Effect of temperature on the separation efficiency of Cd(II) ions utilizing S1 and S1@chitosan samples.

 

Adsorbent QExp (mg/g)

Pseudo-1st-order Pseudo-2nd-order

Z1
(1/min)

Qe
(mg/g) R2

Z2
(g/mg min) Qe (mg/g) R2

S1 271.50 0.02434 149.78 0.9562 0.0003928 270.27 0.9999

S1@chitosan 377.50 0.04528 109.71 0.9838 0.0009891 381.68 0.9999

Table 4.  Kinetic parameters for the adsorption of Cd(II) ions onto S1 and S1@chitosan adsorbents according 
to the pseudo-1st -order as well as pseudo-2nd -order models.
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Zd = Qe

Ce
� (9)

Equation (10) allows for the determination of ΔH° (enthalpy change) and ΔS° (entropy change) by constructing 
a linear plot of ln Zd against 1/T. From this plot, the slope corresponds to ΔH°/R whereas the intercept represents 
ΔS°/R. R is the gas constant38.

	
lnZd = ∆S◦

R
− ∆H◦

RT
� (10)

Equation (11) determines ΔG° (Gibbs free energy change) as the difference between the enthalpy change (ΔH°) 
and the product of temperature (T) and entropy change (ΔS°)38.

Adsorbent
ΔS°
(KJ/molK)

ΔH°
(KJ/mol)

ΔG°
(KJ/mol)

298 308 318 328

S1 0.1467 − 47.63 − 91.34 − 92.81 − 94.27 − 95.74

S1@chitosan 0.1498 − 53.69 − 98.33 − 99.83 − 101.33 − 102.82

Table 5.  Thermodynamic parameters (ΔS°, ΔH°, and ΔG°) for the adsorption of Cd(II) ions onto S1 and S1@
chitosan adsorbents.

 

Fig. 11.  Plot of lnZd versus 1/T.
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	 ∆G◦ = ∆H◦ − T∆S◦� (11)

The Van’t Hoff plot in Fig. 11 shows the linear relationship between ln Zd and 1/T for both adsorbents, reinforcing 
the exothermic nature of the adsorption process. The results in Table 5 indicate that the adsorption process for 
both S1 and S1@chitosan is chemical in nature, as indicated by the values of ΔH° being greater than 40 kJ/mol. 
The process is exothermic, as reflected by the negative ΔH° values of − 47.63 kJ/mol for S1 and − 53.69 kJ/mol 
for S1@chitosan, and spontaneous, as shown by the negative ΔG° values at all temperatures studied. The entropy 
changes (ΔS°) are positive for both adsorbents, with values of 0.1467 kJ/molK for S1 and 0.1498 kJ/molK for S1@
chitosan, indicating that the adsorption is feasible.

Effect of concentration
Figure 12 show the effect of varying concentrations of Cd(II) ions on the separation efficiency using S1 and 
S1@chitosan adsorbents. As the concentration of Cd(II) ions increases from 50  to 300 mg/L, the separation 
efficiency decreases for both adsorbents. At a lower concentration of 50 mg/L, S1 achieves a separation efficiency 
of 93.00%, while S1@chitosan shows a slightly higher efficiency of 97.90%, indicating that both adsorbents are 
highly effective at lower concentrations. As the concentration increases to 300 mg/L, the separation efficiencies 
decline to 46.01% for S1 and 63.42% for S1@chitosan, reflecting a major reduction in performance. The data 
show that S1@chitosan consistently exhibits a higher separation efficiency than S1 across all concentrations, 
indicating that the presence of chitosan enhances the adsorption capacity and effectiveness of the adsorbent. 
The overall trend suggests that while both adsorbents are effective at lower concentrations of Cd(II) ions, their 
efficiency decreases with increasing concentration, likely due to the saturation of available adsorption sites on 
the surface of the adsorbents.

Fig. 12.  Effect of preliminary concentration on the separation efficiency of Cd(II) ions utilizing S1 and S1@
chitosan samples.

 

Scientific Reports |        (2025) 15:16456 15| https://doi.org/10.1038/s41598-025-99232-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The data were studied using the Langmuir and Freundlich isotherm models to describe the adsorption 
behavior of Cd(II) ions onto S1 and S1@chitosan adsorbents, as illustrated in Fig. 13A,B, respectively. Also, the 
Langmuir isotherm is represented by Eq. (12)35,39.

	
Ce

Qe
= 1

Z3Qmax
+ Ce

Qmax
� (12)

Fig. 13.  (A) Langmuir and (B) Freundlich isotherms for the separation of Cd(II) ions utilizing S1 and S1@
chitosan adsorbents.
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where, Qmax is the maximum adsorption capacity and Z3​ is the Langmuir constant.
The Freundlich isotherm is represented by Eq. (13)12,35.

	
lnQe = lnZ4 + 1

n
lnCe� (13)

where, Z4​ and 1/n are the Freundlich constants indicating adsorption capacity and intensity, respectively. 
Additionally, the maximum adsorption capacity (Qmax​) can be calculated using Eq. (14)40.

	
Qmax = Z4

(
C

1
n

o

)
� (14)

The separation process follows the Langmuir isotherm model based on the higher R2 values observed in Table 6. 
For S1, the Langmuir model shows an R2 value of 0.9989, while the Freundlich model has a lower R2 value of 
0.6547. Similarly, for S1@chitosan, the R2 value is 0.9993 for the Langmuir equilibrium model, in comparison 
with 0.6744 for the Freundlich equilibrium model, indicating a better fit with the Langmuir isotherm. These 
results suggest that the adsorption of Cd(II) ions onto both S1 and S1@chitosan is more accurately described by 
the Langmuir equilibrium isotherm, which proposes a single-layer adsorption on a uniform surface.

Table 7 shows that the S1@chitosan composite from this study has the highest maximum separation capacity 
for Cd(II) ions (389.11 mg/g), surpassing all other listed adsorbents41–49. The S1 adsorbent also demonstrates 
a strong performance with a capacity of 284.09 mg/g, which is higher than many conventional and advanced 
materials, such as chitosan/alginate beads and chitosan/polyvinyl alcohol blend beads. These results highlight 
the superior adsorption efficiency of S1 and S1@chitosan compared to other reported materials. Several studies 
have explored silica–chitosan composites for Cd(II) removal. For example, Lalchhingpuii et al. synthesized 
a mesoporous silica–chitosan composite, achieving an adsorption capacity of 11.54  mg/g for Cd(II) ions50. 
Similarly, Azizkhani et al. developed a graphene oxide-silica-chitosan composite, reporting a Cd(II) adsorption 
capacity of 126.58  mg/g51. While these materials demonstrated effective Cd(II) removal, their adsorption 
capacities remain significantly lower than that of S1@chitosan (389.11  mg/g). The superior performance of 
S1@chitosan can be attributed to the unique combination of sodium iron oxide silicate and chitosan, which 
enhances ion-exchange properties and provides additional active sites for adsorption. Additionally, previous 
studies primarily focused on adsorption through surface complexation, whereas S1@chitosan utilizes both ion 
exchange and complexation mechanisms, leading to enhanced Cd(II) removal efficiency. Furthermore, S1@
chitosan exhibits excellent reusability, maintaining high adsorption efficiency over multiple cycles, whereas 
previous silica-based composites showed a decline in performance after repeated use.

Contrary to common assumptions, both chitosan and sodium metasilicate are affordable and widely available 
materials, making the synthesis of the S1@chitosan composite economically feasible. Furthermore, the prepared 

Adsorbent Qmax (mg/g) Refs.

Chitosan/alginate beads 207.00 41

MnFe2O4@SBA-15-(CH2)3-adenine 29.62 42

Phosphorylated chitosan/CoFe2O4 composite 71.53 43

Polyaniline-grafted-chitosan 12.87 44

Chitosan/perlite beads 178.6 45

Chitosan/polyvinyl alcohol blend beads 142.90 46

Faujasite zeolite 74.074 47

Iron oxide/activated carbon composite 18.59 48

Zero-valent iron nanoparticles 102.00 49

Chitosan/silica composite 11.54 50

Graphene oxide-silica-chitosan composite 126.58 51

S1 284.09 This study

S1@chitosan 389.11 This study

Table 7.  Maximum separation capacities (Qmax) of several adsorbents utilized to remove Cd(II) ions.

 

Adsorbent

Langmuir Freundlich

Qmax
(mg/g) R2

Z3
(L/mg)

Z4
(mg/g)(L/mg)1/n

Qmax
(mg/g) 1/n R2

S1 284.09 0.9989 0.2333 93.81 337.87 0.2418 0.6547

S1@chitosan 389.11 0.9993 0.4573 137.92 560.72 0.2647 0.6744

Table 6.  Equilibrium parameters for the separation of Cd(II) ions utilizing S1 and S1@chitosan adsorbents 
according to the Langmuir as well as Freundlich isotherms.
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adsorbents exhibit significantly higher adsorption capacities than conventional materials such as clay and 
biochar, making them more efficient for Cd(II) removal. This high efficiency justifies their use despite potential 
concerns about material costs. Additionally, the synthesis process is straightforward and does not require high-
energy consumption or expensive reagents, which enhances the scalability of this approach. Future research 
could focus on optimizing synthesis conditions to further reduce costs, exploring industrial-scale applications, 
and conducting a detailed cost-benefit analysis to confirm the long-term viability of S1@chitosan as a sustainable 
and efficient adsorbent.

Effect of interference
A binary adsorption study was conducted to evaluate the impact of interfering ions on Cd(II) adsorption 
using S1 and S1@chitosan. The experiments were performed at pH 7.5 and 298  K with an initial Cd(II) 
concentration of 200 mg/L maintaining a 1:1 molar ratio of Cd(II) to each competing ion. The interfering ions 
included Na+, K+, Mg2+, Ca2+, Cl−, NO3

−, and SO4
2− representing common cations and anions found in aqueous 

environments. Batch adsorption experiments were conducted by adding 0.05 g of each adsorbent to 100 mL of 
Cd(II) solution containing the competing ion. The mixtures were stirred for 50 min for S1@chitosan and 70 min 
for S1 until equilibrium was achieved. The final Cd(II) concentration was measured using atomic absorption 
spectrophotometry and adsorption capacities were determined based on mass balance calculations. The results 
are summarized in Table 8. The results indicate that monovalent cations such as Na+ and K+ had minimal effects 
on Cd(II) adsorption, causing slight reductions in adsorption capacities for both S1 and S1@chitosan. Similarly, 
the presence of Cl− and NO3

− exhibited negligible interference. In contrast, divalent cations, particularly Mg2+ 
and Ca2+, significantly reduced the adsorption capacity of both materials. The highest reduction was observed 
in the presence of Ca2+, which led to a decrease of 26.6  mg/g for S1 and 28.72  mg/g for S1@chitosan. The 
pronounced inhibitory effect of divalent cations can be attributed to competitive adsorption, where Mg2+ and 
Ca2+ occupy active adsorption sites, limiting Cd(II) binding. Additionally, the stronger electrostatic interactions 
of these cations with negatively charged functional groups on the adsorbent surface further hinder Cd(II) 
adsorption. These findings suggest that S1 and S1@chitosan exhibit high selectivity toward Cd(II) in the presence 
of monovalent ions, while divalent cations, particularly Ca2+, significantly interfere with the adsorption process 
of Cd(II) ions.

Evaluation of regeneration and reusability
Figure 14 show the desorption efficiency (% D) of Cd(II) ions from S1 and S1@chitosan adsorbents at different 
concentrations of HCl. At a lower HCl concentration of 0.50 M, S1 achieves a desorption efficiency of 88.44%, 
while S1@chitosan shows a lower efficiency of 74.79%, indicating that S1 is more effective at desorbing Cd(II) 
ions under milder acidic conditions. If the HCl concentration is increased to 1.0 M, the desorption efficiencies 
for both adsorbents are nearly identical, with S1 reaching 92.28% and S1@chitosan achieving 92.95%, suggesting 
that the desorption capability of S1@chitosan improves significantly at this concentration. At the highest tested 
concentration of 1.50 M HCl, both S1 and S1@chitosan exhibit excellent desorption efficiencies, with S1 reaching 
99.61% and S1@chitosan achieving 99.71%. This indicates that at higher acid concentrations, both adsorbents 
are equally effective in desorbing Cd(II) ions, with only a slight difference between them. Overall, the desorption 
efficiency increases with the concentration of HCl, and both adsorbents perform optimally at 1.50 M, although 
S1@chitosan demonstrates a slightly higher desorption efficiency at this concentration. HCl was specifically 
chosen due to its strong acid dissociation, ensuring complete protonation of functional groups on the adsorbent 
surface, which facilitates the release of Cd(II) ions. Additionally, HCl provides a high ionic strength, effectively 
breaking interactions between the adsorbed Cd(II) ions and the functional sites. In comparison, HNO₃ and 
H2SO₄ were tested but resulted in significantly lower desorption efficiencies. The desorption efficiency of Cd(II) 
ions using HNO₃ and H2SO₄ was found to be much lower than that achieved with HCl. This is likely due to the 
weaker ability of these acids to disrupt the bonds between Cd(II) and the adsorbent, as well as possible secondary 
interactions that may hinder the complete release of Cd(II). Given these findings, HCl was determined to be the 
most effective eluent for the desorption process.

Figure 15 shows the reusability performance of S1 and S1@chitosan adsorbents for removing Cd(II) ions 
over five consecutive adsorption-desorption cycles. In the initial cycle (cycle 0), S1 achieves a removal efficiency 
of 67.88%, while S1@chitosan demonstrates a significantly higher removal efficiency of 94.38%, indicating the 
superior initial adsorption capacity of S1@chitosan. After the first cycle, the removal efficiency of both adsorbents 
slightly decreases, with S1 maintaining a removal efficiency of 67.09% and S1@chitosan achieving 93.73%. As 

Interfering ions
Q of S1
(mg/g)

Q of S1@chitosan
(mg/g)

Reduction
in Q of S1 (mg/g)

Reduction in
Q of S2 (mg/g)

None (control) 271.5 377.5 – –

Na+ 268.21 373.85 3.29 3.65

K+ 267.98 373.42 3.52 4.08

Mg2+ 250.43 356.2 21.07 21.3

Ca2+ 244.9 348.78 26.6 28.72

Cl- 269.87 375.99 1.63 1.51

NO3
− 266.75 372.5 4.75 5.0

Table 8.  Effect of interfering ions on adsorption of Cd(II) ions using S1 and S1@chitosan composite.
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the cycles progress, the removal efficiencies for both adsorbents gradually decline. By the second cycle, S1 has a 
removal efficiency of 66.23%, while S1@chitosan still retains a high efficiency of 91.64%. By the third cycle, S1 
shows a further reduction to 64.66%, whereas S1@chitosan maintains a relatively high efficiency of 90.67%. This 
trend continues through the fourth and fifth cycles, with S1 decreasing to 63.05% and 61.58%, respectively, and 
S1@chitosan decreasing to 89.89% and 88.10%. Throughout all five cycles, S1@chitosan consistently exhibits a 
higher removal efficiency compared to S1, demonstrating its greater stability and effectiveness in the repeated 
adsorption-desorption process. This suggests that S1@chitosan is a more durable and efficient adsorbent for 
separation of Cd(II) ions in multiple reuse cycles.

Conclusions
This study successfully synthesized and evaluated a sodium iron oxide silicate@amorphous sodium iron 
silicate product (S1) and its chitosan composite (S1@chitosan) for the effective removal of Cd(II) ions from 
aqueous media. The optimized adsorption conditions were determined to be pH 7.50, a contact time of 50 min 
for S1@chitosan (70  min for S1), and a temperature of 298  K. The S1@chitosan composite demonstrated a 
significantly higher adsorption capacity (389.11  mg/g) than S1 (284.09  mg/g), highlighting the synergistic 
effect of chitosan functionalization. Adsorption followed the pseudo-second-order kinetic model, confirming a 
chemisorption mechanism, and was best described by the Langmuir isotherm, indicating monolayer adsorption. 
Thermodynamic analysis confirmed that the process is spontaneous and exothermic, suggesting strong 

Fig. 14.  Desorption efficiency (% D) of Cd(II) ions from S1 and S1@chitosan adsorbents at varying 
concentrations of HCl.
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interactions between Cd(II) ions and the composite material. Furthermore, the reusability tests demonstrated 
that S1@chitosan retained its high adsorption efficiency over multiple cycles, emphasizing its potential as a 
cost-effective and sustainable adsorbent for heavy metal remediation. These findings underscore the promising 
application of S1@chitosan for water purification, offering an efficient, reusable, and environmentally friendly 
solution for Cd(II) removal from contaminated water sources.

Data availability
All data produced or examined in this study are fully presented within this published article.
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