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Abstract 
This study presents the synthesis and characterization of a novel adsorbent composed of iron oxide and zirconium 
oxide magnetic nanoparticles (ZrO2@Fe3O4 MNPs) functionalized with trisodium citrate (TSC). The structural and 
physicochemical properties of the ZrO2@Fe3O4@TSC nanocomposite were systematically investigated using Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy (TEM) and 
vibrating sample magnetometry (VSM). The characterization results established that the ZrO 2@Fe3O4@TSC 
nanocomposite shows a spherical morphology with particle sizes ranging from 16 to 20 nm. Magnetic measurements 
indicated that the nanocomposite possesses ferromagnetic behavior with a saturation magnetization value of 
7.71 emu/g. The adsorption narration of the ZrO2@Fe3O4@TSC nanocomposite was evaluated for the removal of Cd 
(II) ions from aqueous solutions. The adsorption kinetics closely followed the pseudo-second-order model, 
demonstrating chemisorption as the leading process. The adsorption isotherm data were well described by the 
Langmuir isotherm model, suggesting monolayer adsorption on a homogenous surface. The maximum adsorption 
capacity was determined to be 50.26 mg/g at 303 K. These findings highlight the potential of ZrO 2@Fe3O4@TSC 
nanocomposites as efficient adsorbents for heavy metal remediation in wastewater treatment applications.  
Keywords: wastewater treatment; ZrO2@Fe3O4@TSC nanocomposite; TEM; VSM; XRD and FTIR.  
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Анотація 

У цьому дослідженні представлено синтез та характеристику нового адсорбенту, що складається з магнітних 
наночастинок оксиду заліза та оксиду цирконію (ZrO2@Fe3O4 MNPs), функціоналізованих тринатрійцитратом  
(TSC). Структурні та фізико-хімічні властивості нанокомпозиту ZrO2@Fe3O4@TSC були систематично 
досліджені за допомогою інфрачервоної спектроскопії з Фур’є-перетворенням (FTIR), рентгенівської 
дифракції (XRD), просвічувальної електронної мікроскопії (TEM) та магнітометрії з вібраційною пробою 
(VSM). Результати характеристик встановили, що нанокомпозит ZrO2@Fe3O4@TSC має сферичну морфологію 
з розмірами частинок від 16 до 20 нм. Магнітні вимірювання показали, що нанокомпозит має феромагнітні 
властивості з величиною насиченої намагніченості 7.71 еmu/г. Адсорбційні властивості нанокомпозиту 
ZrO2@Fe3O4@TSC оцінювали для видалення іонів Cd (II) з водних розчинів. Кінетика адсорбції тісно 
відповідала моделі псевдодругого порядку, що свідчить про хімічну адсорбцію як провідний процес. Дані 
адсорбційної ізотерми добре описувалися моделлю ізотерми Ленгмюра, що вказує на одношарову адсорбцію 
на однорідній поверхні. Максимальна адсорбційна здатність була визначена на рівні 50/26 мг/г за 303 К. Ці 
результати підкреслюють потенціал нанокомпозитів ZrO2@Fe3O4@TSC як ефективних адсорбентів для 
видалення важких металів у системах очищення стічних вод.  
Ключові слова: очищення стічних вод; нанокомпозит ZrO2@Fe3O4@TSC; TEM; VSM; XRD та FTIR. 
 

*Corresponding author: e-mail: varadhigovinda47@gmail.com 
© 2025 Oles Honchar Dnipro National University; doi: 10.15421/jchemtech.v34i1.342140 
 

http://chemistry.dnu.dp.ua/
mailto:varadhigovinda47@gmail.com


72 
 

 Journal of Chemistry and Technologies, 2026, 34(1), 71-85 

Introduction 
Over the past few decades, the development of 

alloyed nanocomposites – including those based 
on TiO₂, ZnO, Fe₂O₃, and CuO – has become 
increasingly important and has attracted 
significant attention in the context of 
environmentally friendly treatment of industrial 
wastewater contaminated with heavy metals. The 
combination of metallic dopants such as Zr, Au, Cu, 
Pt, Fe and Ag enhances the adsorption abilities and 
catalytic activity of these materials, facilitating the 
removal of pollutants from wastewater through 
adsorption and active site interactions [1–4]. 
However, the scientific society is also mainly 
concerned with addressing the ongoing 
environmental crisis and mitigating the 
antagonistic effects of various harmful pollutants 
which are released by industrial facilities. [5–7]. 
Hence, researchers are actively exploring 
sustainable solutions to minimize environmental 
degradation and promote eco-friendly 
components. Among these materials, therefore, 
Fe-doped ZrO₂ nanoparticles (Fe@ZrO₂) have 
shown significant potential in the field of 
wastewater applications [8–11]. Previous reports 
have also indicated that Fe incorporation into 
metal oxides can improve the adsorption 
efficiency by modifying the surface properties and 
electronic structure of the nanocomposite [12–
15].  

Furthermore, Fe-doped ZrO₂ and CuS display 
promising photocatalytic properties, making them 
effective catalysts for the degradation of 
Rhodamine B dye under visible-light irradiation. 
The synergistic effect of Fe and Zr enhances charge 
separation, minimizes electron-hole 
recombination and encompasses the absorption 
range into the visible spectrum, thus improving 
overall photocatalytic performance [16; 17]. 
Additionally, recent research has highlighted the 
potential of dolomite-quartz@Fe₃O₄ 
nanocomposites as highly efficient adsorbents for 
heavy metal remediation, particularly in the 
removal of cadmium (Cd²⁺) from contaminated 
water sources [5; 18]. This approach is vital for 
extenuating the pollution of aquatic ecosystems 
including lakes, rivers and soil environments, 
which are caused by heavy metal discharge from 
industrial activities. Further, the reports highlight 
promising applications for ZrO2@Fe3O4 MNPs) 
nanoparticles functionalized with trisodium 
citrate (TSC). Moreover, this present study aims to 
explore its adsorption capability for heavy metal 
removal. The results of this study may also 
contribute to the development of wastewater 

treatment strategies using nanomaterials, which, 
in turn, opens up opportunities for creating 
environmentally friendly solutions in the field of 
environmental pollution control. This study 
examines the synthesis, characterization, and 
application of ZrO₂@Fe₃O₄@TSC nanocomposites 
for the removal of Cd(II) from wastewater. 
Furthermore, it can be concluded that the 
adsorption of impurities from industrial 
wastewater, which follows a pseudo-second-order 
kinetic model and the Langmuir isotherm, is 
capable of describing the adsorption process on 
the ZrO₂@Fe₃O₄@TSC nanocomposite.  

However, the rapid enhancement of 
urbanization and industrialization over the past 
few decades have significantly contributed to 
ecological pollution, leading to harmful effects on 
ecosystems and human health [19-21]. 
Consequently, the rapid expansion of urban areas 
and the growth of industrial activity have led to 
increased emissions of pollutants into the air, 
water, and soil, exacerbating environmental 
imbalances and posing a serious threat to public 
health [22–24]. The contamination of water 
bodies with heavy metals represents a critical 
public health problem due to their unembellished 
toxicological impacts on both ecosystems and 
human health. Among several reports, cadmium 
(Cd²⁺), mercury (Hg²⁺) and lead (Pb²⁺) are 
classified as highly hazardous heavy metal ions, 
which raises significant environmental concerns. 
In particular, Cd²⁺ ion is one of the tremendously 
toxic heavy metal ions often detected in industrial 
wastes. It is primarily released as a result of 
certain activities, such as pigment production, 
electroplating, mining, metallurgical processes, 
and plastics manufacturing, and poses a 
significant threat to aquatic flora and fauna, as 
well as to the general public [25–27]. Cadmium 
(Cd (II)) is an extremely poisonous heavy metal 
with not at all acknowledged the biological 
function in the human body and its exposure has 
been related to unembellished health problems, 
including emphysema [28; 29] diabetes mellitus 
[30; 31], renal dysfunction [32; 33], osteoporosis 
[34; 35] and skeletal distortions [36; 37] due to its 
ability to dislocate owed to the lack of homeostatic 
control for Cd (II) in the human body. The non-
biodegradable nature of Cd (II) and its strong 
bioaccumulative properties require the 
development of efficient and steadfast 
remediation strategies for its removal from 
contaminated water sources.  

Numerous physicochemical and biological 
methods have been investigated for the detection 
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and removal of heavy metals such as Cd(II), Pb(II), 
and As(III), including electrochemical methods, 
chemical precipitation, membrane filtration, 
colorimetric detection, flotation, coagulation, 
biosorption, and microbial remediation. Among 
these approaches, adsorption has received 
considerable attention because of its high 
efficiency, low cost, and environmental 
compatibility. Recent advances in nanotechnology 
and functionalized adsorbents, including biochar, 
metal-organic frameworks, and graphene-based 
composites, have further improved the selectivity 
and adsorption capacity of materials used for 
Cd(II) removal from water. These developments 
highlight the need for continued research aimed at 
optimizing Cd(II) removal technologies and 
addressing the environmental and health risks 
associated with heavy metal contamination.  

The present study is aimed at developing a 
cost-effective and high-performance 
nanocomposite for the removal of Cd(II) from 
industrial wastewater. Owing to their large 
specific surface area and the possibility of surface 
functionalization, nanocomposites provide a high 
density of active sites and therefore enable 
efficient adsorption of cadmium ions. However, 
practical limitations associated with conventional 
nanomaterial-based adsorption systems have 
restricted their wider application. Among various 
nanomaterials, magnetic nanocomposites have 
been extensively used in water treatment, 
catalysis, and biomedical applications because of 
their unique magnetic properties. In wastewater 
treatment, they are particularly attractive as 
adsorbents for heavy metal removal because they 
can be rapidly separated from aqueous media 
using an external magnetic field. Fe₃O₄-based 
magnetic nanocomposites are especially 
promising for the remediation of heavy-metal-
contaminated industrial effluents due to their high 
adsorption capacity, thermal stability, cost-
effectiveness, and facile recovery and reuse. On 
this basis, the present work proposes an 
economical and efficient magnetic nanocomposite 
for Cd(II) removal from wastewater. 

 

Materials and Methods 
Synthesis of ZrO2/Fe3O4 magnetic nanoparticles 
Fe₃O₄ nanoparticles were synthesized by the 

co-precipitation method, in which Fe²⁺ and Fe³⁺ 
ions were reacted with ammonium hydroxide 
under controlled conditions. A 0.1 g portion of the 
prepared Fe₃O₄ nanoparticles was dispersed in a 
binary solvent mixture containing 20 % ethanol 
and 80 % distilled water to obtain a homogeneous 

suspension. Subsequently, 1 mL of ammonia 
solution was added dropwise under continuous 
stirring for 1 h to promote nucleation and 
stabilization of the nanoparticles. An aqueous 
solution of zirconium oxychloride (ZrOCl₂) was 
then introduced, followed by the addition of 30 % 
NH₃ solution to facilitate the formation of 
zirconium-modified Fe₃O₄ nanoparticles. The 
reaction mixture was stirred for an additional 3 h 
to enhance the interaction between Fe₃O₄ and the 
zirconium precursor. The resulting mixture was 
refluxed under optimized thermal conditions to 
improve crystallinity and phase purity. Finally, the 
product was collected by filtration, thoroughly 
washed to remove unreacted precursors, and 
sintered at 250 °C for 3 h to obtain the desired 
nanocomposite. 

 

Synthesis of ZrO2@Fe3O4@TSC magnetic 
nanocomposites 

The synthesized ZrO₂@Fe₃O₄ magnetic 
nanoparticles were redispersed in 100 mL of a 0.6 
M trisodium citrate (TSC) solution and heated at 
80 °C under ultrasonication for 60 min. This 
treatment enabled the functionalization of the 
nanoparticle surface with TSC and improved the 
dispersion stability of the magnetic 
nanocomposite. The obtained ZrO₂@Fe₃O₄@TSC 
product was then separated, washed, and dried for 
further characterization and adsorption studies.  

 

Batch adsorption experiments 
This experimental study suggests that while 

adsorption is an effective accomplishment method 
and further fashionable method than other 
methods due to the material consisting of 
physicochemical properties and preparation 
techniques. However, adsorption method is useful 
to reduce costs effectiveness, naturally occurring 
adsorbents such as clay minerals, soil-based 
materials and other low-cost alternatives are 
widely utilized. In batch adsorption experiments, 
nonetheless, a fixed amount of adsorbent is 
introduced into a solution containing the target 
adsorbate at a known concentration. It is easier 
method to know and understand the adsorption 
mechanisms and surface interactions of adsorbate 
and adsorbent. Moreover, the effect of key 
parameters such as pH, temperature, contact time 
and adsorbent dosage is analyzed to optimize 
adsorption implementation. Indeed, the chemical 
analyzing sample is when disturbed under 
controlled conditions such as temperature, 
concentration and pH, then it allows to reach 
equilibrium. The amount adsorbed per unit mass 
of adsorbent is to be determined using the mass 
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balance equation, after the remaining adsorbate 
concentration in the sample is measured. 

The adsorption behavior of Cd (II) ions onto 
ZrO₂@Fe₃O₄@TSC nanocomposites was 
scientifically examined through batch adsorption 
experiments in an aqueous medium. The pH of the 
solution was varied from 2 to 8, and the 
experimental sample solutions were conducted at 
a constant temperature of 303 K. The Cd (II) stock 
solution was prepared with different 
concentrations and 4.5 mg of the magnetic nano-
adsorbent was introduced into 25 mL of each Cd 
(II) ion solution. The primary pH of the solution 
was exactly adjusted using 0.1 M HCl or NaOH 
solution. Individually each sample mixture was 
subjected to ultrasonication at room temperature 
for 10 minutes, followed by transfer to a 100 mL 
Erlenmeyer flask. The sample solution was then 
disquieted in a thermostatic incubator at 200 rpm 
and 303 K to smooth adsorption. After this whole 
process, the magnetic nano adsorbent was 
separated from the solution by using an external 
magnetic field. The residual concentration of Cd 
(II) ions in the solution was determined with aid 
of Flame Atomic Absorption Spectroscopy (FAAS, 
Shimadzu AA-6300). All adsorption tests were 
made in triplicate to confirm reproducibility with 
precisely. The balance in the adsorption capacity 
of Cd (II) ions by the ZrO₂@Fe₃O₄@TSC 
nanocomposites was calculated using the 
following equations: 

Hence, to determine an amount of Cd (II) 
adsorbed and % of adsorbed in the industrial 
wastewater by ZrO2@Fe3O4@TSC 
nanocomposites at equilibrium was obtained 
using the following equation. 

𝑞𝑒 =
(𝐶𝑖 − 𝐶𝑒)𝑉

𝑚
                      (1) 

where qe (mg/g) is the equilibrium adsorption 
capacity of Cd (II). Ci and Ce were initial and 
equilibrium concentrations (mg/L) of Cd (II) 
respectively. m is the adsorbent dosage (mg), V is 
the volume of the solution (L) and also the 
adsorption percentage was defined as follows: 

 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(%) =
(𝐶𝑖 − 𝐶𝑒)

𝐶𝑖
˟100             (2) 

 

Experimental of Adsorption Kinetics for Cd (II) 
The adsorption of Cd(II) was investigated at pH 

6.0 as a function of contact time and temperature 
using ZrO₂@Fe₃O₄@TSC as the adsorbent. The 
results showed that the adsorption capacity 
increased with increasing temperature, indicating 
that the process was endothermic. In addition, the 
time required to reach adsorption equilibrium 

decreased from 60 min to 30 min as the 
temperature increased. The adsorption kinetics 
were analyzed using the amount adsorbed, qₜ 
(mg/g), as a function of time, t (min). The kinetic 
data were fitted to the pseudo-second-order 
model by plotting t/qₜ versus t, and an excellent 
correlation coefficient (R² = 0.999) was obtained. 
These results indicate that the pseudo-second-
order model provides an appropriate description 
of Cd(II) adsorption onto the ZrO₂@Fe₃O₄@TSC 
nanocomposite. 

 

Characterization techniques 
FTIR analysis of the synthesized 

ZrO₂@Fe₃O₄@TSC magnetic nanoparticles was 
carried out using a Thermo Nicolet FTIR-200 
spectrometer at room temperature. Powder X-ray 
diffraction patterns were recorded with a Bruker 
AXS D8 Advance diffractometer using Cu Kα 
radiation (λ = 0.15406 nm) operated at 40 kV and 
30 mA, with a scan rate of 0.02° min⁻¹ over a 2θ 
range of 5° to 80°. The morphology and particle 
size distribution of the obtained 
ZrO₂@Fe₃O₄@TSC nanoparticles were examined 
by transmission electron microscopy using a JEOL 
JEM-3010 instrument operated at 200 kV. The 
magnetic properties of the synthesized 
nanocomposite were measured using a Lake 
Shore vibrating sample magnetometer (VSM-
7410). These characterization techniques were 
employed to evaluate the structural, 
morphological, and magnetic properties of the 
synthesized ZrO₂@Fe₃O₄@TSC nanocomposite. 

 

Results and discussion 
FTIR spectrum study 
The FTIR spectra of ZrO₂@Fe₃O₄ and 

ZrO₂@Fe₃O₄@TSC magnetic nanoparticles are 
shown in Figure 1A. The broad absorption band at 
3448 cm⁻¹ is attributed to the stretching vibration 
of O–H groups, indicating the presence of surface 
hydroxyl groups that may participate in hydrogen-
bonding interactions. The characteristic bands at 
578 cm⁻¹ and 476 cm⁻¹ correspond to Fe–O and 
Zr–O stretching vibrations, respectively, 
confirming the successful incorporation of Fe₃O₄ 
and ZrO₂ into the nanocomposite structure. After 
functionalization with TSC, the FTIR spectrum of 
ZrO₂@Fe₃O₄@TSC showed noticeable shifts in the 
metal-oxygen bands, with the Zr–O and Fe–O 
stretching vibrations appearing at 470 cm⁻¹ and 
565 cm⁻¹, respectively. These shifts indicate 
strong interactions between the citrate ligand and 
the metal oxide framework, likely through 
coordination bonding. In addition, the bands 
observed at 1410 cm⁻¹ and 1615 cm⁻¹ are 
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assigned to the symmetric and asymmetric 
stretching vibrations of carboxylate groups, 
confirming the successful conjugation of TSC on 
the nanoparticle surface. The bands at 2935 cm⁻¹ 
and 2870 cm⁻¹ are attributed to C–H stretching 

vibrations, further supporting the presence of 
organic functional groups. Overall, the FTIR 
results confirm the effective functionalization of 
ZrO₂@Fe₃O₄ nanoparticles with TSC.XRD pattern 
analysis 

 

 
 

Fig. 1. (A) FT-IR spectrum of (a) ZrO2@Fe3O4 MNPs and (b) ZrO2@Fe3O4@TSC MNPs (B) the powder XRD pattern of 
the sample 

 

Figure 1B shows the X-ray diffraction patterns of 
ZrO₂ nanoparticles, Fe₃O₄ nanoparticles, and 
ZrO₂@Fe₃O₄@TSC magnetic nanocomposites. The 
diffraction peaks observed at 2θ = 30.5°, 35.2°, 
50.7°, 60.4°, and 63.3° can be indexed to the (111), 
(200), (220), (311), and (222) planes of cubic 
ZrO₂, in agreement with JCPDS card no. 27-0997. 
Similarly, the peaks at 30.08°, 35.3°, 43.6°, 57.1°, 
and 62.6° correspond to the (220), (311), (400), 
(333), and (440) planes of Fe₃O₄, confirming its 

spinel cubic structure in accordance with JCPDS 
card no. 82-1533. The broadening of the 
diffraction peaks in the ZrO₂@Fe₃O₄@TSC 
nanocomposite indicates nanoscale crystallite size 
and suggests enhanced surface interactions after 
TSC stabilization. These XRD results, together with 
the FTIR data, confirm the successful synthesis 
and stabilization of the magnetic 
ZrO₂@Fe₃O₄@TSC nanocomposite.

 
Table 1 

Comparison of Adsorption Capacity of Various Sorbents with ZrO2@Fe3O4@TSC Nanocomposites onto Cd (II) Ions  
Reference Adsorbent qmax (mg/g) 

Present study ZrO2@Fe3O4@TSC 
nanocomposites 

50.26 

[68] Multiwalled carbon 10.86 
            [69] Cu3(BTC)2-SH 74.50 

[69] Cu3(BTC)2 67.80 
[70] Si-DTC 43.47 
[71] PPBM 43.48 
[72] Fe3O4-GS 27.83 
[73] Fe3O4-cyclodextrin 22.70 
[74] Fe3O4-P(Cys/HEA) 

hydrogel 
19.50 

[75] MDM 31.40 
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TEM analysis 
Transmission electron microscopy was used to 

examine the size and morphology of ZrO₂@Fe₃O₄ 
and ZrO₂@Fe₃O₄@TSC magnetic nanoparticles. As 
shown in Figure 2A, the ZrO₂@Fe₃O₄ 
nanoparticles exhibited well-defined cubic and 
spherical morphologies. In Figure 2B, the 
ZrO₂@Fe₃O₄@TSC nanoparticles appear 

somewhat aggregated, which may be attributed to 
the presence of surface hydroxyl groups and 
magnetic interactions between particles. In 
addition, the energy-dispersive X-ray spectrum 
shown in Figure 2C confirms the presence of Fe, 
Zr, O, and C, thereby verifying the composition and 
successful synthesis of the nanocomposite.

 
 

 
 

Fig. 2. (A)TEM images of the ZrO2@Fe3O4 MNPs at 10 nm (B) TEM images of the ZrO2@Fe3O4@TSC MNPs at 50 nm (C) 
EDX pattern of ZrO2@Fe3O4@TSC MNPs 

 
 

VSM study 
The magnetization (M-H) curves of 

ZrO₂@Fe₃O₄ and ZrO₂@Fe₃O₄@TSC 
nanocomposites obtained by vibrating sample 
magnetometry are shown in Figure 3. The 
hysteresis loop of the ZrO₂@Fe₃O₄ nanoparticles 
confirms their ferromagnetic behavior, with a 
saturation magnetization value of approximately 

10.9 emu g⁻¹. A similar magnetic response was 
observed for the ZrO₂@Fe₃O₄@TSC 
nanocomposite; however, its saturation 
magnetization decreased to 7.7 emu g⁻¹ after TSC 
functionalization. This reduction in magnetization 
can be attributed to surface modification of the 
magnetic core by the organic ligand. 
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Fig. 3. (A) M-H hysteresis loop of ZrO2@Fe3O4 MNPs and ZrO2@Fe3O4@TSC MNPs sample measures at 300 K 

 
pH effect on Cd (II) Adsorption 
The effect of pH on Cd(II) adsorption is closely 

related to changes in metal-ion speciation, the 
surface charge of the adsorbent, and ion-exchange 
interactions. The synthesized ZrO₂@Fe₃O₄@TSC 
nanocomposite acted as an efficient adsorbent for 
the removal of Cd(II) ions from contaminated 
wastewater, and the solution pH played a crucial 
role in determining its adsorption performance. 
Experiments were carried out using Cd(II) 
solutions with pH values ranging from 2.0 to 8.0 
and different initial metal concentrations. The 
results showed that the removal efficiency of 
Cd(II) increased gradually as the pH rose from 2.0 

to 6.0, reaching its maximum at pH 6.0. At lower 
pH values, adsorption was suppressed because of 
the high concentration of H⁺ ions competing with 
Cd(II) ions for active sites on the adsorbent 
surface. At pH values above 6.0, the adsorption 
efficiency decreased, likely because of the 
formation of cadmium hydroxyl species such as 
Cd(OH)⁺ and Cd(OH)₂, which reduce the 
availability of free Cd(II) ions in solution. The 
maximum removal efficiency of 95.6 % was 
achieved at a Cd(II) concentration of 50 mg L⁻¹ 
and pH 6.0, indicating that these were the 
optimum conditions for Cd(II) adsorption onto the 
ZrO₂@Fe₃O₄@TSC nanocomposite. 

 
Table 2 

Kinetic Parameters for the Adsorption of Cd (II) onto ZrO2@Fe3O4@TSC Nanocomposites at Different Concentrations 
ZrO2@Fe3O4@TSC 

nanocomposites 
Lagergren first order Pseudo-second-order 

K1 (1/min) R2 SSE K2 (g/mg.min) R2 SSE 
40 0.023 0.0985 0.983 0.014 0.999 0.912 
50 0.028 0.979 0.987 0.018 0.999 0.915 

60 0.034 0.976 0.980 0.022 0.998 0.916 
 

Outcomes of contact time on Cd (II) adsorption 
kinetics study:  

The impact of contact time on Cd (II) 
adsorption was observed at pH 6.0 by using the 
sample Cd (II) concentration of 50 mg L⁻¹. The 
adsorption method displayed rapid approval for 
kinetics experimental of Cd (II) sorption with 
whole sample, nevertheless, the kinetic study 
information not fixed and align with the pseudo-
first-order model when applied to 
ZrO₂@Fe₃O₄@TSC nanocomposites [63]. The 

pseudo first order kinetic model is mathematically 
expressed as follows: 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − (
𝑘1

2.303
) 𝑡            (3) 

where k1 (min-1) is the pseudo first order rate 
constant of adsorption, qe and qt are the amount 
of the Cd (II) removal per unit mass of adsorbed 
(mg/g) at equilibrium and at time t (min). The 
pseudo first order kinetic constant (k1) study was 
found out from the slope of the plot of log (qe-qt) 
vs. time (t). The R2 value is clearly examined that 
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less revealing of that adsorption of Cd (II) ions 
does not follow pseudo first order kinetic model 
(Table 2). The pseudo first order kinetic model 
revealed that the comparatively low relationship 
for correlation coefficient (R2) values throughout 
experimental data at different concentrations. 
This data is signifying that its insufficiency for 
accurately recitation in the adsorption behavior of 
Cd (II) onto ZrO₂@Fe₃O₄@TSC nanocomposites 
(Table 1). Subsequently, this model is not suitable 
for characterizing the adsorption process. The 
kinetic analysis suggests that, therefore, an 
alternative model such as the pseudo-second-
order model may offer a more precise depiction of 
this adsorption study. In this context, Nakhlestani 
N. et al. was found that the adsorption kinetics 
study and highlighting the kinetic model for 
adsorption heavy metal on the surface of 
nanocomposite by adsorption process of heavy 

metals such as Cd (II) ions onto a modified 
graphene oxide nanocomposite by using pseudo-
second-order model [64]. 

In the interim, the present kinetic statistics 
were further studied by using pseudo second 
order kinetic model. The linear form of pseudo 
second order kinetic model is elucidated by the 
equation: 

 

𝑡

𝑞𝑡
 =  

1

𝐾2𝑞𝑒
2  +  

𝑡

𝑞𝑒
                                      (4) 

 

where K2 (g/mg min) is the pseudo second order 
rate constant of adsorption, qe and qt are the 
amount of the Cd (II) removal per unit mass of 
adsorbent (mg/g) at equilibrium and at time 
(min). The values of K2 and qe can be calculated 

from the slope intercept of 
𝑡

𝑞𝑡
 𝑣𝑠 𝑡 graph and it cab 

illustrated in the Figure 4. 

 

 
 

Fig. 4. Pseudo second order adsorption kinetics of Cd(II) on ZrO2@Fe3O4@TSC MNPs sample 

 
To assess the suitability of adsorption isotherm 

and kinetic models, experimental data were fitted 
using linear regression analysis. The goodness of 
fit was evaluated through statistical error 
functions, including the coefficient of 
determination (R²), sum of squared errors (SSE), 
and chi-square test (χ²). These parameters 
provide quantitative insight into the agreement 
between experimental and calculated adsorption 
values. The coefficient of determination (R²) was 
employed to examine the linear correlation 
between experimental and predicted values, 

where values closer to unity indicate superior 
model applicability. R² was calculated using 

𝑅2  =  1 −
∑(𝑞𝑒,𝑒𝑥𝑝  − 𝑞𝑒,𝑐𝑎𝑙 )

2

∑(𝑞𝑒,𝑒𝑥𝑝 −  𝑞̅𝑒,𝑒𝑥𝑝)
2           (5) 

The sum of squared errors (SSE) was utilized to 
quantify the total deviation between 
experimentally observed adsorption capacities 
and model-predicted values: 

𝑆𝑆𝐸 =  ∑(𝑞𝑒,𝑒𝑥𝑝  − 𝑞𝑒,𝑐𝑎𝑙 )
2

        (6) 
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The chi-square statistical test (χ²) was further 
applied to evaluate the consistency between 
experimental and calculated adsorption data: 

χ² =  ∑
(𝑞𝑒,𝑒𝑥𝑝 −  𝑞𝑒,𝑐𝑎𝑙 )

2

𝑞𝑒,𝑐𝑎𝑙
            (7) 

The adsorption isotherm constants derived 
from the experimental data are presented in 
Table 3. The Freundlich constant n was found 
to be less than 1, indicating favorable 
adsorption and a high affinity of the adsorbent 
for Cd(II) ions at low concentrations. Although 
the equilibrium data were fitted using both 
Langmuir and Freundlich isotherm models, 
the higher correlation obtained for the 
Langmuir model suggests that Cd(II) 
adsorption onto ZrO₂@Fe₃O₄@TSC 
nanocomposites predominantly occurs 
through monolayer coverage on a relatively 
uniform surface. This result also supports the 
assumption that chemisorption plays an 
important role in the adsorption process. 
Surface functionalization with the organic 
capping ligand appears to enhance both the 
adsorption capacity and the efficiency of 
Cd(II) removal by the magnetic nanoparticles. 

Comparison with previously reported 
adsorbents indicates that the prepared 
nanocomposite exhibits competitive 
adsorption performance for Cd(II) removal. 
Overall, the isotherm models provide valuable 
insight into the adsorption mechanism and 
the surface characteristics of the adsorbent.  
The adsorption data were well fitted by the 
pseudo-second-order kinetic model, with a 
correlation coefficient (R²) of 0.999, 
indicating that this model accurately 
describes the adsorption process. In contrast, 
the pseudo-first-order model showed a lower 
correlation coefficient and was therefore less 
suitable for describing Cd(II) adsorption onto 
ZrO₂@Fe₃O₄@TSC nanocomposites. In the 
pseudo-second-order model, the plot of t/qₜ 
versus t was used to determine the rate 
constant k₂ and the equilibrium adsorption 
capacity qₑ, where t is the contact time and qₜ 
is the amount of Cd(II) adsorbed per unit mass 
of adsorbent. These results confirm that the 
adsorption kinetics of Cd(II) on 
ZrO₂@Fe₃O₄@TSC nanocomposites follow the 
pseudo-second-order model.

Table 3 
Langmuir and Freundlich Isotherm Constants and Correlation Coefficients for Cd (II) Adsorption onto 

ZrO2@Fe3O4@TSC Nanocomposites at Constant Temperature 

Temp. (K) 

Langmuir Freundlich 

qm (mg/g) 
KL 

(L/mg) 
R2 χ2 Kf (mg/g) 1/n R2 χ2 

303 50.26 3.67 0.998 16.67 8.28 0.667 0.985 78.53 
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Fig. 4. Pseudo second order adsorption kinetics of Cd(II) on ZrO2@Fe3O4@TSC MNPs sample 
 

Adsorption isotherm analysis 
Colloid chemistry clearly revealed about the 

adsorption phenomena due to their interpretation 
in various applications. Whereas the numerous 
chemical theories of adsorption have been 
projected, the predominant viewpoint of the 
amongst investigators is that adsorption is chiefly 
a physical process rather than a chemical one. The 
estimation of distribution Cd (II) ions, 
consequently, in the liquid/solid inter phase at 
equilibrium during adsorption, the room 
temperature adsorption capacities of Cd (II) were 
calculated at pH 6.0 using two typical adsorption 
models. The Langmuir isotherm explained 
monolayer adsorption on a solid surface, while the 
Freundlich isotherm explained multilayer 
adsorption with random distribution. The 
linearized form of the Langmuir isotherm [67] is 
represented as follows: 

𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚
+

1

𝑞𝑚 𝑏
                                        (8) 

where qe is the equilibrium metal ion 
concentration on the sorbent (mg/g), Ce is the 

equilibrium metal ion concentration in the 
solution (mg/L), qm is the maximum capacity of 
the adsorbent (mg/g) and b is the Langmuir 
constant related to the free energy of sorption. The 
values of qm (mg/g) and b were calculated from 
the slope and intercept of 1/Ce versus 1/qe 
(Figure 5). The maximum monolayer sorption 
capacity was found to be 50.26 mg/g of Cd (II) 
onto ZrO2@Fe3O4@TSC nanocomposites. 
Additional parameter in the Langmuir isotherm a 
dimension less separation factor (RL) is defined as 
follows: 

𝑅𝐿 =
1

1 + 𝑏𝐶𝑖
 ,                                                (9) 

where Ci (mg/g) is the initial metal concentration, 
b is the Langmuir constant. For favorable 
adsorption, RL must lie within 0 to 1, where RL >1, 
RL = 1 and RL < 0 indicate the unfavorable linear 
and irreversible adsorption. In this study, the RL is 
0.0918 which lies between 0 to 1. This indicates a 
highly favorable adsorption and increasing 
adsorption efficiency at higher Cd (II) 
concentrations.  

 

 
 

Fig. 5. Linear plot of Langmuir of Cd (II) on ZrO2@Fe3O4@TSC MNPs sample 
 

The Freundlich isotherm method can be 
normally used to define the adsorption of metal 
ions onto heterogeneous surfaces, and the linear 
form of isotherm is expressed as:  

log 𝑞𝑒 = log 𝑘𝑓 +
1

𝑛
log 𝐶𝑒             (10) 

where kf and n are the Freundlich isotherm 
constants that represent the adsorption of 
adsorbents. The linear Freundlich isotherm 
provided a good fit to the adsorption data (Figure. 
6), providing a Cd (II) adsorption isotherm of 
ZrO2@Fe3O4@TSC nanocomposites.  
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Fig. 6. Linear plot of Freundlich isotherm of Cd (II) on ZrO2@Fe3O4@TSC MNPs sample 
 

Conclusion 
The synthesized ZrO₂@Fe₃O₄@TSC 

magnetic nanocomposite exhibited favorable 
structural, morphological, and magnetic 
properties for Cd(II) adsorption from aqueous 
solution. Characterization results showed that 
the material possessed a spherical 
morphology with particle sizes in the range of 
16–20 nm. Magnetic measurements 
confirmed its ferromagnetic behavior, with a 
saturation magnetization of 7.7 emu/g, which 
makes the nanocomposite suitable for facile 
separation from aqueous media. Adsorption 
studies demonstrated that ZrO₂@Fe₃O₄@TSC 
is an effective adsorbent for Cd(II) removal. 
The kinetic data followed the pseudo-second-

order model, indicating that chemisorption is 
the dominant adsorption mechanism. 
Equilibrium data were best fitted by the 
Langmuir isotherm model, suggesting 
monolayer adsorption on the surface of the 
nanocomposite. The maximum adsorption 
capacity was 50.26 mg/g at 303 K, confirming 
the potential of this nanocomposite as an 
efficient adsorbent for the removal of heavy 
metals from contaminated wastewater. 
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