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e approach: CoFe2O4-modified
spent tea waste for magnetic solid-phase
extraction of toxic metal ions from water samples

Serdal Seker,a Duygu Ozdes *b and Celal Duran c

In this research, within the framework of a waste-to-resource conversion approach, biochar obtained from

spent tea waste (STWB), a widely available and cost-free biomass source, was modified with magnetic

CoFe2O4 nanoparticles to develop an environmentally friendly adsorbent (CoFe2O4/STWB). The

applicability of this material for efficient separation and preconcentration of Cd(II), Pb(II), and Ni(II) ions

from mining wastewater, stream water, and wastewater samples collected from an organized industrial

zone was systematically investigated using the solid phase extraction (SPE) method. Optimization of the

experimental variables was conducted to enhance the extraction performance of the target analyte ions.

The fact that the adsorption and desorption equilibrium times occur in less than 1 min demonstrates the

rapid and highly efficient extraction performance of the developed adsorbent. Langmuir isotherm model

analysis revealed that CoFe2O4/STWB exhibits adsorption capacities of 69.4 mg g−1 for Cd(II), 185.2 mg

g−1 for Pb(II), and 45.2 mg g−1 for Ni(II). In contrast, the corresponding adsorption capacities obtained for

unmodified STWB were considerably lower, with values of 42.9, 75.8, and 16.8 mg g−1 for Cd(II), Pb(II),

and Ni(II), respectively. These results clearly demonstrate that modification with CoFe2O4 significantly

enhances the adsorption performance of STWB. Consequently, CoFe2O4-modified spent tea waste can

be regarded as an effective, economical, and sustainable adsorbent for trace heavy metal analysis in

environmental water samples, owing to its rapid extraction kinetics, high adsorption capacity, and low

detection limits.
1 Introduction

Heavy metals (HMs) represent a major class of environmental
contaminants owing to their pronounced toxicity, tendency to
bioaccumulate, and resistance to degradation in environmental
systems.1 Heavy metal ions such as cadmium (Cd), lead (Pb),
and nickel (Ni) can enter aquatic environments through mining
activities, metal plating industries, battery and accumulator
production, paint and pigment manufacturing, fertilizer appli-
cation, and the discharge of domestic and industrial waste-
water.2 Even at low concentrations, these metals exert serious
toxic effects on living organisms; Cd is associated with kidney
and bone damage,3 Pb can cause disorders of the nervous
system and developmental impairments,4 while Ni may induce
allergic reactions, respiratory diseases, and an increased risk of
cancer.5 Therefore, the precise and reliable determination of
HM levels in drinking and surface waters is of great importance
Education, Gumushane, 29100, Türkiye
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for environmental monitoring and the protection of public
health.6

In the analysis of HMs in environmental matrices, the
presence of metal ions at very low concentrations, along with
matrix interferences, oen complicates analytical measure-
ments. Therefore, the application of a preconcentration step
prior to direct analysis is of great importance.7 Commonly
employed preconcentration techniques include liquid–liquid
extraction,8 cloud point extraction,9 solid-phase extraction,10

and coprecipitation.11 Among these methods, SPE has gained
particular prominence due to its ability to provide high pre-
concentration factors, low solvent consumption, reusability of
adsorbents, ease of automation, and environmentally friendly
characteristics.12 SPE is an efficient preconcentration method
based on the selective retention of target analytes on a suitable
adsorbent, followed by their recovery using a small volume of
eluent.13 When magnetic adsorbents are integrated into SPE
systems, the need for centrifugation or ltration is eliminated,
resulting in a signicant reduction in processing time.
Magnetic solid-phase extraction (MSPE) enables the improve-
ment of detection limits, particularly in metal analyses per-
formed using techniques with relatively low sensitivity, such as
ame atomic absorption spectrometry (FAAS).14
Anal. Methods, 2026, 18, 2799–2811 | 2799
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In recent years, research has increasingly concentrated on
the development of environmentally friendly, low-cost, and
sustainable adsorbents that can be effectively employed in SPE
techniques. Biochar is a carbonaceous substance obtained via
pyrolysis of biomass-derived resources under oxygen-limited or
oxygen-free conditions. Its production from agricultural and
organic wastes, together with its high specic surface area and
abundant surface functional groups, makes it a highly attractive
adsorbent for environmental applications.15,16 Accordingly, the
conversion of abundant biomass resources commonly regarded
as waste—such as spent tea waste—into biochar provides
signicant advantages in terms of waste valorization and the
generation of value-added materials.17 In the existing literature,
biochar has been extensively used as a sorbent for the separa-
tion and preconcentration of organic contaminants using SPE.
Yang et al. reported the use of wolerry biomass waste derived
biochar as a SPE sorbent, enabling efficient extraction of 26
antibiotics from aquatic products.18 Niu et al. developed a SPE
method utilizing eco-friendly coconut shell biochar as the
adsorbent for the extraction and quantication of phenoxy-
acetic acid herbicides in environmental matrices.19

Surface modication has been widely applied in numerous
studies to enhance the adsorption capacity and separation
efficiency of biochars. In particular, modifying biochar with
magnetic nanoparticles provides signicant advantages by
improving adsorption properties as well as enabling rapid and
efficient phase separation with the assistance of an external
magnetic eld.20–22 Among various magnetic materials, spinel-
structured CoFe2O4 magnetic nanoparticles are frequently
preferred for adsorbent modication owing to their high
specic surface area, well-developed porosity, excellent sorption
capability, non-toxic nature, insolubility in water, cost-
effectiveness, excellent phase stability, and strong resistance
to corrosion.23,24 When biochar-based structures are modied
with CoFe2O4, they can establish strong interactions with heavy
metal ions via mechanisms including electrostatic attraction,
surface complexation, and ion exchange, thereby acting as
efficient adsorbents in analytical applications.25,26 Shabelskaya
et al. reported a one-step synthesis of CoFe2O4/biochar
composites derived from agricultural waste, demonstrating
high adsorption efficiency toward Cr(VI) removal from aqueous
solutions.27 Ozdes and Duran developed a CoFe2O4-modied
melon peel biochar for MSPE, achieving rapid and sensitive
FAAS analysis of Cu(II), Cd(II), and Pb(II) in environmental and
food samples.17

In this study, biochar obtained from spent tea waste was
modied with CoFe2O4 magnetic nanoparticles, and the
resulting CoFe2O4-modied biochar was employed, for the rst
time, as an adsorbent for the preconcentration of Cd(II), Pb(II),
and Ni(II) ions from aqueous media via MSPE. In the context of
this research, experimental parameters affecting adsorption
and desorption efficiencies were optimized, and the obtained
data were evaluated using various adsorption isotherm models.
Accuracy of the developed procedure was veried through spike-
recovery experiments by adding known amounts of analytes to
water sample matrices. According to the literature, there is no
report on the application of biochar derived from spent tea
2800 | Anal. Methods, 2026, 18, 2799–2811
waste modied with magnetic nanoparticles (CoFe2O4) for the
recovery of heavy metals via the SPE method. In this respect, the
present study offers an environmentally friendly approach by
developing a novel adsorbent system and converting waste
biomass into high value-added products.
2 Materials and methods
2.1 Chemicals and instrumentation

All reagents employed throughout the experimental procedures,
including nitric acid (HNO3), sodium hydroxide (NaOH),
hydrochloric acid (HCl), iron(III) chloride hexahydrate (FeCl3-
$6H2O), cobalt(II) nitrate hexahydrate (Co(NO3)2$6H2O), and the
salts employed in interference studies (NaCl, KCl, Ca(NO3)2,
Mg(NO3)2, Na2CO3, NaNO3, Na3PO4, Na2SO4, and NH4Cl), were
of analytical grade and purchased from Sigma-Aldrich
(Shanghai, China) and Merck (Darmstadt, Germany). The
reagents were used without further purication. Cd(II), Pb(II),
and Ni(II) stock solutions (1000 mg L−1) were prepared in HNO3,
and subsequent working solutions were obtained by diluting
them with distilled water. Before use, all glassware was
immersed in 5% (v/v) HNO3 overnight and subsequently rinsed
with tap water and distilled water to remove any residual
contaminants.

Scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX) analysis (ZEISS
SIGMA 300) was performed to assess the surface morphology
and elemental composition of STWB and CoFe2O4/STWB.
Fourier-transform infrared (FTIR) spectroscopy was imple-
mented through a PerkinElmer Spectrum Two device to char-
acterize the surface functional groups. XRD patterns of the
adsorbents were obtained employing Cu Ka radiation (l =

1.5406 Å) over 2q = 5–80° on a PANalytical X'Pert3 powder
diffractometer. N2 adsorption–desorption isotherms at 77 K
were used to determine the specic surface area and porosity of
the adsorbents via the BET method.

Determination of metal ion concentrations was conducted
through a ame atomic absorption spectrometer (PerkinElmer
AAnalyst 400). A WTW inoLab pH 7110 benchtop pH meter was
used for pH adjustment and measurement. Adsorption experi-
ments were conducted using a BOECO PSU-15i mechanical
shaker, and a NUVE NF 200 centrifuge was employed for phase
separation. An analytical balance (KERN ABJ 220-4NM) was
used for weighing the adsorbents and chemicals, while
magnetic stirring was carried out using an IKA RCT Basic
stirrer. A Weightlab WF-UD6 ultrasonic bath was used during
the synthesis of CoFe2O4, and calcination was performed in
a Protech muffle furnace. Drying of the adsorbents was carried
out in a Santen SE 125 drying oven.
2.2 Preparation of CoFe2O4 modied spent tea waste-derived
biochar (CoFe2O4/STWB)

In order to obtain biochar from spent tea waste, the tea residue
was rst dried in an oven at 105 °C and then placed in a lidded
crucible inside a muffle furnace. Subsequently, the material was
heated to 500 °C under an oxygen-limited atmosphere, and
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 FTIR spectra of STWB and CoFe2O4/STWB.
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biochar (STWB) was produced through a pyrolysis process
maintained at this temperature for 2 h.

The modication of spent tea waste biochar with CoFe2O4

magnetic nanoparticles was carried out based on the co-
precipitation method proposed by Lai et al. with slight modi-
cations.28 Briey, Fe3+ and Co2+ ions were weighed from FeCl3-
$6H2O and Co(NO3)2$6H2O salts at a molar ratio of 2 : 1 and
mixed with 7.0 g of STWB. Subsequently, 250 mL of deionized
water was added, and the resulting suspension was stirred on
a magnetic stirrer at 35–40 °C for 30 min. Aer magnetic stir-
ring, the suspension was placed in an ultrasonic bath and
maintained at 80 °C for 2 h. To adjust the pH in the range of 10–
11, a dropwise addition of preheated 3 M NaOH solution (80 °C)
was carried out into the suspension. Following NaOH addition,
the system was kept at 80 °C for a further 30 min. The resulting
precipitate was cooled to room temperature and isolated by
ltration. The precipitate was repeatedly rinsed with deionized
water until the pH approached neutrality. Aer washing, the
magnetic biochar was dried in an oven at 105 °C for 6 h and
subsequently calcined at 400 °C for 4 h. Finally, the obtained
magnetic biochar was ground into a ne powder using
a porcelain mortar and stored in plastic containers.

2.3 Adsorption and desorption of analyte ions

The SPE experiments were carried out using a batch method. In
this procedure, 10 mL aqueous solutions containing 5.0 mg of
Cd(II), 20.0 mg of Pb(II), and 10.0 mg of Ni(II) ions, along with
25 mg of the adsorbent, were transferred into centrifuge tubes.
The pH of the solutions was adjusted to 6.0 using dilute HCl
and NaOH. The prepared mixtures were shaken on a mechan-
ical shaker for 1 min and then either centrifuged at 3000 rpm
for 2 min or subjected to an external magnetic eld to settle the
CoFe2O4/STWB adsorbent, which had adsorbed the analyte
ions, at the bottom of the tube. The supernatant was removed by
decantation. For desorption of the analyte ions, the adsorbent
collected at the bottom of the tube was treated with 5.0 mL of
0.2 M HCl solution for 1 min. Following this step, the mixture
was centrifuged again under the same conditions. The
concentrations of Cd(II), Pb(II), and Ni(II) ions transferred into
the aqueous phase were then determined by FAAS.

2.4 Preparation of water samples

The CoFe2O4/STWB-based SPE method was employed for the
analysis of mining wastewater, stream water (Harşit Stream,
Gümüşhane), and wastewater collected from an organized
industrial zone. The water samples were ltered through
a cellulose nitrate membrane (0.45 mm) immediately aer
collection, acidied with 1% (v/v) HNO3 to inhibit microbial
activity, and stored in polyethylene bottles until analysis.

3 Results and discussion
3.1 Adsorbent synthesis and characterization

3.1.1 Functional group analysis by FTIR. In the FTIR
spectrum of STWB (Fig. 1), the broad band in the 3600–
3000 cm−1 region is attributed to O–H stretching vibrations of
This journal is © The Royal Society of Chemistry 2026
hydroxyl groups (–OH) in alcohols and phenolic compounds
within the biochar structure. The band at 1581 cm−1 is assigned
to asymmetric stretching vibrations of carboxylate (COO−)
groups or C]C stretching of aromatic rings, while the band at
1410 cm−1 corresponds to symmetric carboxylate stretching or
C]C vibrations of aromatic structures.29,30 The band observed
around 1325 cm−1 is related to C–H bending vibrations, indi-
cating the presence of aliphatic or aromatic hydrocarbon bonds
in the organic structure.31 The band at 1134 cm−1 arises from
C–O stretching vibrations in compounds such as ethers or
phenols.32 In addition, the sharp bands detected at 875 cm−1,
810 cm−1, and 751 cm−1 can be assigned to out-of-plane
bending vibrations of aromatic C–H bonds in benzene
derivatives.33

As shown in Fig. 1, the FTIR spectra of STWB and CoFe2O4/
STWB reveal noticeable changes in both band positions and
intensities following the modication process. Slight shis in
the positions of several characteristic bands, along with
signicant variations in band intensities, were observed, which
can be attributed to the interactions between CoFe2O4 nano-
particles and the functional groups present on the biochar
surface. In particular, the distinct band appearing at 567 cm−1,
assigned to Fe–O stretching vibrations, conrms the successful
loading of CoFe2O4 nanoparticles onto the biochar surface and
veries the effective modication process.34

3.1.2 Morphological analysis by SEM-EDX. SEM analysis
was employed to examine the surface morphology of STWB and
CoFe2O4/STWB, to identify changes in surface topography aer
modication, and to evaluate the distribution of CoFe2O4

nanoparticles on the biochar surface, while EDX analysis was
used to assess the elemental composition of STWB and
CoFe2O4/STWB adsorbents. Fig. 2 presents the SEM images of
STWB and CoFe2O4/STWB adsorbents. Examination of the
STWB surface reveals that the adsorbent exhibits a relatively
smooth, layered structure with low porosity (Fig. 2(a)).
Following magnetic modication, pronounced changes in
surface morphology were observed, characterized by the wide-
spread distribution of spherical, high-contrast CoFe2O4 nano-
particles on the carbonaceous matrix (Fig. 2(b)). This
Anal. Methods, 2026, 18, 2799–2811 | 2801
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Fig. 2 SEM images of (a) STWB and (b) CoFe2O4/STWB.

Fig. 4 XRD pattern of CoFe2O4/STWB.
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morphological transformation indicates that the CoFe2O4

phase was successfully anchored onto the biochar surface.
Moreover, the increased surface roughness resulting from
nanoparticle loading suggests the formation of new potential
active sites for adsorption, which is expected to improve the
adsorption efficiency of the modied adsorbent.

According to the EDX analysis results of STWB presented in
Fig. 3(a), the material is mainly composed of carbon (69 wt% C)
and oxygen (22 wt% O), which is consistent with its lignocel-
lulosic origin. In addition, nitrogen (5 wt% N) and sulfur (5 wt%
S) were detected at lower proportions in the biochar structure.
The presence of these heteroatoms indicates that the biochar
surface contains various functional groups that may contribute
to metal ion binding. In the EDX spectrum shown in Fig. 3(b),
the detected cobalt (8 wt% Co) and iron (21 wt% Fe) contents
clearly demonstrate the successful incorporation of CoFe2O4

components onto the biochar surface. In parallel with the
presence of the metal oxide structure, the relative surface
oxygen content increased to 51 wt%, while the carbon content
decreased to approximately 10 wt%, owing to surface coverage
by magnetic nanoparticles. These ndings collectively conrm
that the biochar surface was effectively and successfully modi-
ed with magnetic CoFe2O4 nanoparticles.

3.1.3 Structural analysis by XRD. The XRD diffractogram of
the CoFe2O4/STWB composite presented in Fig. 4 reveals
distinct diffraction peaks at 2q values of 30.10°, 35.64°, 43.10°,
Fig. 3 EDX analyses of (a) STWB and (b) CoFe2O4/STWB.

2802 | Anal. Methods, 2026, 18, 2799–2811
53.56°, 57.46°, and 62.83°. These characteristic reections
correspond to the (220), (311), (400), (422), (511), and (440)
crystal planes of the cubic spinel CoFe2O4 phase, respectively,
and show excellent agreement with the standard JCPDS card no.
22-1086. The ndings conrm the formation of crystalline
CoFe2O4 nanoparticles on STWB, demonstrating that the
magnetic modication was successful.

3.1.4 Surface area analysis by the BET method. The BET
surface area (SBET) of STWB was determined to be 6.02 m2 g−1,
while the surface area of the CoFe2O4/STWB nanomaterial
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 pH-dependent recovery of analyte ions.
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signicantly increased to 64.9 m2 g−1. This substantial
enhancement indicates that the structure has become more
porous due to the successful attachment of CoFe2O4 nano-
particles to the STWB surface. Furthermore, while the total pore
volume of STWB was immeasurable, this value was obtained as
0.179 cm3 g−1 for CoFe2O4/STWB. The obtained results reveal
that magnetic modication markedly improves the surface and
pore characteristics of the adsorbent, and consequently, an
increase in adsorption performance is expected.

3.1.5 Interaction mechanism between CoFe2O4 and STWB.
During the in situ co-precipitation process under alkaline
conditions, Fe3+ and Co2+ species undergo hydrolysis and
subsequently nucleate in the presence of STWB. Because ferrite
formation occurs directly within the biochar suspension, the
biochar surface may serve as a platform for heterogeneous
nucleation and growth of CoFe2O4 nanoparticles rather than
simple physical mixing. The oxygen-containing functional
groups of STWB (such as hydroxyl and carboxyl groups) are
expected to act as anchoring sites for metal species, thereby
contributing to nanoparticle immobilization through interfa-
cial metal–oxygen interactions.34,58 This interpretation is sup-
ported by the observed shis and intensity changes in FTIR
bands of the composite compared to those of pristine STWB,
indicating possible involvement of surface functional groups
during ferrite formation. Moreover, XRD patterns conrm the
successful formation of the crystalline spinel CoFe2O4 phase
within the composite structure. The coexistence of character-
istic biochar features and distinct CoFe2O4 diffraction peaks
suggests the formation of a structurally integrated magnetic
composite rather than a simple physical mixture.
3.2. Adsorption study

3.2.1 Inuence of pH on the adsorption/extraction of target
metal ions. The solution pH directly inuences metal ion
speciation, the surface charge of the adsorbent, and the ioni-
zation state of functional groups (e.g., COOH, –OH, and –NH2)
present on the adsorbent surface.35 Under acidic conditions, the
adsorbent's surface functional groups are protonated, leading
to electrostatic repulsion toward metal cations and a reduction
in adsorption efficiency. With decreasing pH, abundant H3O

+

ions compete with metal cations for available surface sites,
reducing the adsorption of metal ions. In contrast, at higher pH
values, this competition is reduced, resulting in enhanced
adsorption of metal ions.36 However, since metal ions tend to
precipitate as hydroxides at very high pH values, it is necessary
to determine the optimum pH for adsorption. Therefore, the
inuence of pH on the recovery of Cd(II), Pb(II), and Ni(II) ions
was investigated in the pH range of 2.0–8.0. The results indi-
cated that increasing the pH of the aqueous solution from 2.0 to
6.0 signicantly enhanced the recovery efficiencies of Cd(II),
Pb(II), and Ni(II) ions, from 17.6% to 98.4%, 57.7% to 95.2%, and
10.2% to 99.9%, respectively. With increasing solution pH, the
CoFe2O4/STWB surface becomes negatively charged, promoting
electrostatic attraction toward metal cations and consequently
improving adsorption and recovery efficiencies. However, when
the pH is increased to 8.0, the recovery efficiencies tend to
This journal is © The Royal Society of Chemistry 2026
decrease due to the precipitation of all three metal ions as their
hydroxides (Fig. 5). Consequently, the optimum pH for the
developedmethod for the simultaneous quantitative recovery of
the analyte ions was identied as 6.0. In a study by Suo et al.,
which employed a silica-coated magnetic graphene oxide
(Fe3O4-GO@SiO2) adsorbent, the optimum pH for Cd(II), Pb(II),
and Ni(II) ions was determined to be 5.0, which is in good
agreement with the ndings of the present study.36 Similarly,
Rajabi et al. optimized the solution pH to 6.0 for the simulta-
neous separation and preconcentration of Cd(II), Cr(VI), Pb(II),
Co(II), and Ni(II) ions using a Mg–Al–AHNDA-LDH
nanosorbent.37

3.2.2 Investigation of the type, concentration, and volume
of the desorption solution. The choice of the desorption solu-
tion is a key factor for determining the efficient removal of
analyte ions from the adsorbent surface. In SPE studies
involving the adsorption of metal ions, inorganic acids such as
HNO3 and HCl are generally employed as desorption agents. In
an acidic environment, protonation of the functional groups on
the adsorbent surface weakens the metal–adsorbent interac-
tions, thereby facilitating the transfer of metal ions into the
solution phase.38 However, the concentration of the desorption
solution is also a crucial factor in this process. At low acid
concentrations, the interactions between the adsorbent and
analyte may not be completely disrupted, resulting in low
recovery efficiencies. Conversely, excessively high acid concen-
trations may damage the functional groups on the adsorbent
surface, leading to deterioration of the adsorbent structure.39

This study investigated the impact of different concentrations
of HCl and HNO3 on the quantitative extraction of analyte ions.
The data obtained indicated that both HCl and HNO3 solutions
were effective for the desorption of Cd(II), Ni(II), and Pb(II) ions,
and that the recovery of analyte ions increased with increasing
concentrations of both acids. Accordingly, HCl was chosen as
the desorption solution. The recoveries of Cd(II), Pb(II), and Ni(II)
ions were observed to increase from 0.1% to 99.7%, from 0.1%
to 100.3%, and from 0.1% to 97.3%, respectively, with
increasing the HCl concentration from 0.001 M to 0.2 M (Table
Anal. Methods, 2026, 18, 2799–2811 | 2803
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Table 1 Impact of desorption solution type and concentration on
recovery efficiency

Concentration
(M)

Recovery (%)

Cd(II) Ni(II) Pb(II)

HCl HNO3 HCl HNO3 HCl HNO3

0.001 0.1 0.1 0.1 4.5 0.1 0.1
0.005 82.4 90.2 69.9 75.5 0.1 4.9
0.01 98.8 97.7 86.9 88.4 47.5 43.3
0.05 99.9 99.5 93.7 90.7 94.3 92.5
0.10 101.3 99.5 96.1 94.5 99.9 98.3
0.20 99.7 98.5 97.3 95.7 100.3 98.1
0.30 98.0 99.7 99.2 97.6 100.2 99.4
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1). Therefore, 0.2 M HCl was selected as the desorption solution
for the simultaneous quantitative recovery of analyte ions.

Optimizing the desorption solution volume is essential for
achieving a high preconcentration factor (PF), a key perfor-
mance indicator of the method. An insufficient eluent volume
may hinder the complete transfer of analyte ions from the
adsorbent surface to the solution phase, resulting in low
recovery, whereas excessive eluent volumes lead to dilution of
the analytes and a consequent decrease in the PF. Therefore, in
this study, the effect of the volume of the 0.2 M HCl solution,
determined as the eluent, on the recovery of the analyte ions
was tested over the volume range of 2.5–10.0 mL. When the
eluent volume was increased from 2.5 to 5.0 mL, quantitative
recovery of the analyte ions was achieved, and no signicant
improvement was observed at higher eluent volumes. There-
fore, an eluent volume of 5.0 mL was selected for all subsequent
SPE experiments.

3.2.3 Effect of CoFe2O4/STWB quantity. The adsorbent
dosage is a key parameter inuencing the adsorption and
recovery efficiencies of the analyte ions, as it determines the
active binding sites available for metal ion adsorption in the
developed SPE method.40 When the amount of the adsorbent is
Fig. 6 Influence of CoFe2O4/STWB quantity on the recovery of ana-
lyte ions.

2804 | Anal. Methods, 2026, 18, 2799–2811
insufficient, effective interactions between the analyte ions and
the adsorbent surface are limited, resulting in decreased
adsorption and recovery efficiency. However, at excessively high
adsorbent amounts, problems such as incomplete elution of
analyte ions during the desorption step and adsorbent
agglomeration may occur.41 The effect of CoFe2O4/STWB
amount on the recovery of analyte ions was evaluated in the
adsorbent amount range of 0.5–3.0 g L−1. As the adsorbent
amount was increased from 0.5 g L−1 to 2.0 g L−1, the recoveries
of Cd(II), Pb(II), and Ni(II) ions increased from 84.3% to 96.8%,
from 82.7% to 96.5%, and from 77.1% to 96.2, respectively
(Fig. 6).

3.2.4 Sample volume effects. Sample volume is a critical
parameter directly affecting the PF of the method. To achieve
a high PF and thereby enable accurate detection of analytes
present at low concentrations, it is essential to identify the
maximum sample volume and the minimum eluent volume at
which quantitative recovery is achieved.42 The recovery of Cd(II),
Pb(II), and Ni(II) ions was evaluated for sample volumes ranging
from 50 to 600 mL using solutions containing 5.0 mg of Cd(II),
20.0 mg of Pb(II), and 10.0 mg of Ni(II) ions, with an adsorbent
dosage of 2.0 g L−1 CoFe2O4/STWB. For small sample volumes
(up to 50 mL), adsorption and desorption were carried out in
polyethylene centrifuge tubes, and CoFe2O4/STWB was sepa-
rated from the solution by centrifugation aer the extraction
process. For larger sample volumes, adsorption was performed
in appropriately sized beakers using a magnetic stirrer for the
optimized contact time. Following adsorption, the solution was
ltered through a 0.45 mm pore-size cellulose nitrate
membrane, and CoFe2O4/STWB containing the adsorbed ana-
lyte ions was transferred to polyethylene tubes and treated with
5.0 mL of 0.2 M HCl for desorption. Subsequently, the adsor-
bent was separated from the solution by centrifugation. The
obtained data indicated that the recovery of analyte ions is
efficient for sample volumes between 50 and 200 mL. However,
when the sample volume was increased from 200 mL to 600 mL,
the recoveries of Cd(II), Ni(II), and Pb(II) ions decreased from
97.2% to 89.5%, from 93.4% to 75.1%, and from 95.6% to
80.9%, respectively (Fig. 7). Based on these results, the optimum
sample volume for quantitative recovery of analyte ions was
found to be 200 mL, and the PF was determined to be 40 when
5.0 mL of the eluent was used.

3.2.5 Adsorption and desorption contact time. The time
required for analyte ions to be transferred from the solution
phase to the adsorbent surface and to bind to the active
adsorption sites is dened as the adsorption equilibrium time.
Terminating this period before equilibrium is reached causes
a portion of the analyte ions to remain in the solution, resulting
in decreased recovery values.43,44 However, applying unneces-
sarily long adsorption times not only leads to time and energy
consumption but may also cause undesirable effects such as the
redistribution of analyte ions back into the solution phase. The
impact of adsorption equilibrium time on the adsorption of
analyte ions onto CoFe2O4/STWB was evaluated over a time
range of 1–120 min. The experimental results showed that
adsorption equilibrium for all three metal ions was achieved in
This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Effect of sample volume on the extraction efficiency of analyte
ions.

Fig. 8 Influence of contact time on the desorption of analyte ions.
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less than 1min; therefore, an adsorption time of 1min was used
in the following experiments.

The contact time required for the desorption of analyte ions
from the CoFe2O4/STWB surface was investigated over a time
range of 10–600 s. For this purpose, solutions adjusted to pH 6.0
and containing 5.0 mg of Cd(II), 20.0 mg of Pb(II), and 10.0 mg of
Ni(II) ions were treated with a CoFe2O4/STWB suspension at
a concentration of 2.0 g L−1 for 1 min. Aer the adsorption step,
CoFe2O4/STWB was separated from the medium, and the
desorption process was carried out by shaking the adsorbent
with 5.0 mL of 0.2 M HCl solution for contact times ranging
from 10 to 600 s. Following each contact time, CoFe2O4/STWB
was separated from the solution, and the concentrations of
Cd(II), Pb(II), and Ni(II) in the desorption solutions were deter-
mined by FAAS. The obtained results demonstrated that
desorption occurred within a very short time of approximately
40 s; therefore, a desorption equilibrium time of 1 min was
selected for subsequent experiments (Fig. 8).

3.2.6 Effect of interfering ions on the recovery of analyte
ions. In SPE studies, coexisting foreign ions may compete with
analyte ions for binding to the active adsorption sites on the
adsorbent surface, thereby adversely affecting the adsorption
Table 2 Impact of different foreign ions on the recovery of analyte ions

Ions Conc. (mg L−1) Added as

Na+ 5000 NaCl
K+ 250 KCl
Ca2+ 250 Ca(NO3)2
Mg2+ 250 Mg(NO3)2
CO3

2− 250 Na2CO3

NO3
− 250 NaNO3

PO4
3− 250 Na3PO4

SO4
2− 250 Na2SO4

NH4
+ 250 NH4Cl

Fe(II), Mn(II), Zn(II), Hg(II) 25 *

This journal is © The Royal Society of Chemistry 2026
process and leading to a decrease in recovery efficiency.45,46

Therefore, it is important to evaluate the effect of ions that may
coexist with analyte ions in real samples on the extraction and
determination processes in order to assess the matrix tolerance
of the method. For this purpose, known concentrations of
various anions and cations were added to 10 mL model solu-
tions containing 5.0 mg of Cd(II), 20.0 mg of Pb(II), and 10.0 mg of
Ni(II), and the experiments were carried out under optimum
conditions to investigate whether these foreign ions exert any
adverse effects on the recovery of the analyte ions. Evaluation of
the obtained results revealed that the presence of high
concentrations of foreign ions (Na+, K+, Ca2+, Mg2+, CO3

2−,
NO3

−, PO4
3−, SO4

2−, NH4
+, Fe(II), Mn(II), Zn(II), and Hg(II)) in the

medium did not cause any signicant negative effect on the
recovery efficiencies of the analyte ions, and recovery values
higher than 90% were achieved for all analytes (Table 2). These
ndings clearly demonstrate that the developed method
exhibits high selectivity and can be applied reliably and
successfully even in complex matrices. The observed selectivity
can be attributed to the specic interactions between the
functional groups present on the adsorbent surface (such as –

OH, –COOH, and –NH2) and the target metal ions.47 These
groups facilitate surface complexation and electrostatic
Cd(II) (recovery%) Pb(II) (recovery%) Ni(II) (recovery%)

93.0 � 3.1 93.6 � 1.5 95.7 � 0.4
98.8 � 3.5 97.8 � 1.6 97.2 � 4.5
96.1 � 0.4 97.8 � 1.9 97.3 � 2.4
97.2 � 0.9 96.5 � 2.5 96.7 � 0.2
93.9 � 0.1 93.5 � 0.1 92.3 � 3.3
98.8 � 5.3 98.9 � 2.2 98.4 � 2.6
95.6 � 3.6 90.6 � 0.4 95.6 � 1.1
94.7 � 1.7 90.2 � 2.0 91.4 � 0.6
96.3 � 0.3 94.1 � 2.3 94.5 � 1.3
99.2 � 1.8 100.1 � 1.6 101.4 � 0.7

Anal. Methods, 2026, 18, 2799–2811 | 2805
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attraction with Cd(II), Pb(II), and Ni(II) ions. Differences in ionic
charge density, hydrated ionic radius, and binding affinity also
contribute to preferential adsorption of these ions over
competing species in complex matrices.48

3.2.7 Effect of initial metal ion concentration on analyte
adsorption and adsorption isotherms. The inuence of the
initial metal ion concentration on the adsorption efficiency of
Cd(II), Pb(II), and Ni(II) ions onto CoFe2O4/STWB was evaluated
in the concentration range of 10–500 mg L−1 for Cd(II) and Ni(II)
and 50–500 mg L−1 for Pb(II) ions. The obtained results indi-
cated that, with increasing metal ion concentration within the
investigated ranges, the amount of metal ions adsorbed per
gram of CoFe2O4/STWB (qe, mg g−1) increased from 4.7 to
68.8 mg g−1 for Cd(II), from 24.4 to 180.8 mg g−1 for Pb(II), and
from 4.7 to 46.8 mg g−1 for Ni(II) ions (Fig. 9). In contrast, the
adsorption efficiency (qe, %) decreased from 93.7% to 27.5%,
from 97.8% to 72.3%, and from 93.6% to 18.7% for Cd(II), Pb(II),
and Ni(II), respectively. At a xed CoFe2O4/STWB dosage,
increasing the initial metal ion concentration enhances the
concentration gradient between the solution phase and the
adsorbent surface, leading to more effective mass transfer and,
consequently, an increase in adsorption capacity (qe, mg g−1).
However, as the initial metal ion concentration increases, the
active adsorption sites on the adsorbent surface become
progressively occupied and eventually reach saturation. Due to
the limited number of active sites, not all metal ions can be
Fig. 9 Impact of initial metal ion concentration on the adsorption of (a)

2806 | Anal. Methods, 2026, 18, 2799–2811
adsorbed, and a portion remains in the solution phase, result-
ing in a decrease in adsorption efficiency (qe, %).20

In order to elucidate the adsorbent–adsorbate interactions
during the adsorption of analyte ions onto CoFe2O4/STWB and
to gain insight into the surface characteristics of the adsorbent,
the experimental data were tted to the Langmuir and
Freundlich isotherm models. The Langmuir isotherm model is
based on the assumption that adsorption occurs as a monolayer
on a homogeneous adsorbent surface possessing energetically
equivalent binding sites, with no interactions between the
adsorbed species.49 In contrast, the Freundlich isotherm model
was developed for adsorbents with heterogeneous surfaces and
assumes that adsorption takes place in a multilayer manner on
active binding sites with different adsorption energies.50 The
linearized equations of the Langmuir and Freundlich isotherm
models are given in eqn (1) and (2), respectively.

Ce

qe
¼ Ce

qmax

þ 1

bqmax

(1)

lnqe ¼ lnKf þ 1

n
lnCe (2)

In these equations, qe denotes the amount of metal ions
adsorbed per unit mass of CoFe2O4/STWB (mg g−1), Ce refers to
the metal ion concentration at equilibrium (mg L−1), qmax

represents the maximum adsorption capacity of CoFe2O4/STWB
Cd(II), (b) Pb(II) and (c) Ni(II).

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Non-linear adsorption isotherm models for (a) Cd(II), (b) Pb(II) and (c) Ni(II).

Table 3 Isotherm parameters for the adsorption of analyte ions

Cd(II) Pb(II) Ni(II)

Langmuir isotherm model
qmax 69.4 185.2 45.2
b 0.043 0.141 0.041
R2 0.9847 0.9977 0.9715

Freundlich isotherm model
Kf 7.73 33.5 8.0
n 2.59 2.71 3.48
2
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(mg g−1), b is related to the free adsorption energy (L mg−1), Kf is
the Freundlich constant related to adsorption capacity (mg g−1),
and n is a dimensionless constant related to adsorption inten-
sity. The Langmuir constants b and qmax are determined from
the linear plot of Ce/qe versus Ce, where the slope and intercept
correspond to qmax and b, respectively. For the determination of
Freundlich constants Kf and n, a linear plot of ln qe versus ln Ce

is constructed, where the slope and intercept are used to
calculate n and Kf, respectively.

Fig. 10 presents a comparison of the experimental adsorp-
tion data with the Langmuir and Freundlich isotherm models
for the adsorption of Cd(II), Pb(II), and Ni(II) ions onto CoFe2O4/
STWB. For the adsorption of all three metal ions, the correlation
coefficients obtained from the Langmuir isotherm model were
higher than those of the Freundlich isotherm model (>0.95),
indicating that the adsorption process ts the Langmuir model
well. This suggests that the metal ions are adsorbed as
a monolayer onto the homogeneous surface of CoFe2O4/STWB.
Using the Langmuir isotherm model, the adsorption capacities
of CoFe2O4/STWB for Cd(II), Pb(II), and Ni(II) ions were calcu-
lated to be 69.4 mg g−1, 185.2 mg g−1, and 45.2 mg g−1,
respectively. In order to evaluate the effect of CoFe2O4 modi-
cation on the adsorption capacity of STWB, the adsorption
capacities of pristine STWB for the metal ions were also
This journal is © The Royal Society of Chemistry 2026
determined using the Langmuir isotherm model. According to
the obtained results, the adsorption capacities of pristine STWB
for Cd(II), Pb(II), and Ni(II) ions were found to be 42.9 mg g−1,
75.8 mg g−1, and 16.8 mg g−1, respectively (Table 3). These
ndings clearly demonstrate that modication with CoFe2O4

signicantly enhances the adsorption capacity of STWB. More-
over, the adsorption capacity of CoFe2O4/STWB was found to be
higher than that of many adsorbents previously reported in the
literature for SPE applications (Table 4).13,51–56

To evaluate the suitability of the developed adsorption
systems, the dimensionless separation factor, RL, derived from
R 0.9456 0.8638 0.9092

Anal. Methods, 2026, 18, 2799–2811 | 2807
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Table 4 Performance comparison of CoFe2O4/STWB with different adsorbents

Adsorbent Analyte Method
Analysis
technique PF

LOD
(mg L−1) RSD (%)

Ads. capacity
(mg g−1) Ref.

Fe3O4@APTES@TX-114a Cd(II) MSPEe ICP-OES 21 0.889 1.4 9.9 51
MOFb (ZIF-8)@ alginate nanocomposite Cd(II) mSPEf FAAS 60 3.87 <5 9.1 52

Ni(II) 7.47 9.4
Magnetic Fe3O4 Alnus glutinosa sawdust
biochar/SiO2/CTAB

c
Cd(II) MSPE FAAS 100 0.62 3.69 80 13
Pb(II) 1.55 3.12 118.5

Silica nanoparticle-covered GOd Ni(II) dSPEg FAAS 10 13.5 4.0 — 53
Molybdenum disulde nanosheets Cd(II) SPE FAAS 71.4 0.37 3.0 10.32 54

Pb(II) 1.09 4.8 15.04
Ni(II) 0.97 4.9 7.40

Chitosan/thiol functionalized MOFb Pb(II) SPE GFAAS 25 0.033 3.9 425.3 55
Cd(II) 0.008 4.1 109.9

E. profundum loaded onto Amberlite
XAD-4

Pb(II) SPE ICP-OES 80 0.043 4.68 49.83 56
Ni(II) 0.042 4.39 64.35

CoFe2O4/STWB Cd(II) MSPE FAAS 40 0.35 1.98 69.4 This work
Pb(II) 2.67 3.31 185.2
Ni(II) 1.83 2.67 45.2

a Fe3O4 nanoparticles coated with (3-aminopropyl)triethoxysilane and polyethylene glycol tert-octylphenyl ether. b Metal organic framework.
c Cetyltrimethylammonium bromide. d Graphene oxide. e Magnetic solid phase extraction. f Micro solid phase extraction. g Dispersive solid
phase extraction.
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the Langmuir isotherm model and the Freundlich isotherm
constant n values can be considered. RL values in the range of 0–
1 and n values between 1 and 10 suggest favorable adsorption
behavior.57 According to the obtained results, the RL values for
Cd(II), Pb(II), and Ni(II) ions in the concentration range of 50–
500 mg L−1 were found to be 0.32–0.04, 0.12–0.01, and 0.33–
0.05, respectively, while the n constants were determined to be
2.59, 2.71, and 3.48, respectively. These results demonstrate
that the adsorption of Cd(II), Pb(II), and Ni(II) ions onto CoFe2O4/
STWB is favorable.

3.2.8 Reusability of CoFe2O4/STWB. The reusability of
CoFe2O4/STWB without regeneration was assessed by contact-
ing 2.0 g L−1 of adsorbent suspension with 10.0 mg Cd(II), 50.0
mg Pb(II), and 25.0 mg Ni(II) at pH 6.0. Aer 1 min of contact time,
CoFe2O4/STWB was separated and subsequently transferred to
a fresh metal ion solution. This process was repeated for six
Fig. 11 Reusability of CoFe2O4/STWB without regeneration.

2808 | Anal. Methods, 2026, 18, 2799–2811
consecutive cycles. The results demonstrated that the adsorp-
tion efficiency for Cd(II) ions decreased from 99.7% in the rst
cycle to 81.6% in the h cycle. Similarly, the efficiency for Ni(II)
declined from 97.9% in the rst cycle to 86.8% in the second
cycle. In contrast, for Pb(II) it exhibited high stability, retaining
an adsorption efficiency of 99.6% even in the sixth cycle
(Fig. 11).

3.2.9 Adsorption mechanisms of Cd(II), Pb(II), and Ni(II)
ions on CoFe2O4/STWB. The adsorption of Cd(II), Pb(II), and
Ni(II) ions on the surface of CoFe2O4/STWB can be described by
a combined mechanism involving electrostatic attraction,
surface complexation/coordination, and possible ion-exchange
contributions.59 FTIR analysis conrms the presence of
oxygen-containing functional groups on the composite surface.
The broad hydroxyl band at 3600–3000 cm−1 and the bands
observed at approximately 1581 cm−1 and 1410 cm−1,
commonly attributed to carboxyl/carboxylate-related vibrations,
suggest that these functionalities serve as potential coordina-
tion sites for divalent metal cations. The Fe–O vibration detec-
ted at approximately 567 cm−1 conrms the successful
Table 5 Performance characteristics of the CoFe2O4/STWB-based
SPE method

Performance
parameters

Analyte ions

Cd(II) Pb(II) Ni(II)

LOD (mg L−1) 0.35 2.67 1.83
LOQ (mg L−1) 1.05 8.02 5.50
RSD (%) 1.98 3.31 2.67
PF 40 40 40
Linear range (mg L−1) 0.04–2.0 0.30–10.0 0.20–5.0
Correlation coefficient 0.9997 0.9998 0.9998

This journal is © The Royal Society of Chemistry 2026
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Table 6 Spike/recovery study of water samples for the SPE method developed using CoFe2O4/STWB

Element Added (mg)

Mining wastewater Stream water
Organized industrial zone
wastewater (OIZW)

Found (mg) Recovery (%) Found (mg) Recovery (%) Found (mg) Recovery (%)

Pb(II) 0 NDa — ND — ND —
50.0 46.6 � 0.1 93.2 47.8 � 0.5 95.5 44.6 � 1.1 89.2
100.0 99.5 � 0.7 99.5 103.5 � 0.9 103.5 87.4 � 0.5 87.4

Cd(II) 0 ND — ND — ND —
10.0 9.72 � 0.22 97.2 10.1 � 0.4 101.0 9.21 � 0.15 92.1
20.0 20.5 � 0.4 102.5 18.9 � 0.3 94.5 17.6 � 0.1 88.1

Ni(II) 0 ND — ND — ND —
10.0 10.3 � 0.6 103.0 10.1 � 0.4 101.0 8.81 � 0.20 88.1
20.0 17.6 � 0.5 88.0 19.0 � 0.6 95.0 18.3 � 0.7 91.5

a Not detected.
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incorporation of CoFe2O4 within the composite structure.
Ferrite-related surface sites may additionally contribute to
metal–surface interactions.60

The pronounced pH dependence, with high adsorption
efficiencies observed at pH 6.0, indicates that partial deproto-
nation of surface functional groups increases the negative
surface charge, thereby enhancing electrostatic interactions
with metal ions. Furthermore, the rapid quantitative desorption
achieved using 0.2 M HCl suggests that proton competition
weakens metal–surface interactions. These ndings support
a predominantly reversible adsorption process governed by
ionic and coordination-type bonding sensitive to pH
conditions.

These interaction pathways are likely to remain operative in
complex environmental water matrices. The high analytical
recoveries obtained from real water samples indicate that the
proposed adsorption mechanism remains effective even in the
presence of competing ions and dissolved constituents.
3.3 Method validation and applications

3.3.1 Analytical performance of the method. The precision
of the proposed method was evaluated by performing ten
replicate experiments under the optimized conditions, and the
relative standard deviation (RSD%) values were calculated. For
each analyte ion, the limit of detection (LOD) was determined as
three times the standard deviation of ten blank measurements
divided by the PF. Similarly, the limit of quantication (LOQ)
was calculated by dividing nine times the standard deviation by
the PF. The PF for each analyte was determined by dividing the
optimum sample volume (200 mL) by the nal volume (5.0 mL).
Table 7 Quantification of heavy metals in actual water matrices

Element
Mining wastewater
(mg L−1)

Stream water
(mg L−1)

OIZW
(mg L−1)

Pb(II) GSA 20.9 � 0.8 GSA
Cd(II) 2.81 � 0.02 GSA GSA
Ni(II) 8.32 � 0.30 7.21 � 0.18 6.19 � 0.14

This journal is © The Royal Society of Chemistry 2026
Table 5 summarizes the analytical performance parameters of
the developed method. These results were further compared
with those of other SPE procedures reported in the literature, as
shown in Table 4. The CoFe2O4/STWB based SPE method
exhibits lower RSD% and LOD values, as well as a higher PF,
compared to many previously reported methods.

3.3.2 Method accuracy and application to real sample
matrices. The accuracy and precision of the developed SPE
method were evaluated by spiking 50 mL of mining wastewater,
stream water, and organized industrial zone wastewater
samples with different concentrations of HM ions. Based on the
results obtained, the recovery efficiencies of Cd(II), Pb(II), and
Ni(II) ions were determined to be in the ranges of 88.1–102.5%,
87.4–103.5%, and 88.0–103.0%, respectively (Table 6). These
results demonstrate that the proposed method can be effec-
tively used for water samples without signicant matrix effects.
Finally, the developed method was implemented to determine
the concentration of Cd(II), Pb(II), and Ni(II) ions in the afore-
mentioned water samples (Table 7).
4 Conclusion

In this study, spent tea waste biochar was magnetically modi-
ed with CoFe2O4 and the performance of the adsorbent for the
separation and preconcentration of Cd(II), Pb(II), and Ni(II) ions
frommining wastewater, stream water, and wastewater samples
collected from an organized industrial zone was comprehen-
sively evaluated using the SPE method. The ndings reveal that
magnetic modication of spent tea waste with CoFe2O4 mark-
edly enhances the performance characteristics of the adsorbent.
The incorporation of CoFe2O4 promotes more effective binding
mechanisms for heavy metal ions, leading to high adsorption
efficiencies for Cd(II), Pb(II), and Ni(II). In particular, the
pronounced increase in adsorption capacity for Pb(II) clearly
indicates that CoFe2O4 modication strengthens heavy metal–
surface interactions. The developed SPE method is distin-
guished by extremely short equilibrium times, rendering it
highly advantageous in terms of time and energy efficiency, as
both adsorption and desorption processes are completed within
seconds. Furthermore, the magnetic properties of the
Anal. Methods, 2026, 18, 2799–2811 | 2809
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adsorbent enable its rapid and facile separation from the
medium, representing a signicant advantage that enhances
the practicality and ease of application of the method. From an
analytical perspective, the developed method provides a reliable
and robust approach for trace level heavy metal determination,
characterized by low LODs, high PF, and satisfactory precision.
The effective performance of the method in complex water
matrices demonstrates its robustness against matrix effects and
conrms its suitability for real sample analysis.

In conclusion, this study demonstrates that a widely avail-
able and cost-effective waste material can be successfully
transformed into a high-value adsorbent material, thereby
providing a meaningful contribution to environmental
sustainability. With its economical, environmentally friendly,
and high-performance characteristics, CoFe2O4-modied spent
tea waste can be regarded as a viable alternative adsorbent for
heavy metal monitoring in environmental water samples.
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