
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 6
:4

2:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Alginate integrat
aChemistry Department, Pamukkale Univers
bCentre of Excellence in Analytical Chemist

Pakistan. E-mail: jameel.baig@usindh.edu.p
cDepartment of Pharmaceutics, College of P

2457, Riyadh 11451, Kingdom of Saudi Ara
dInstitute of Metal Research Chinese Academ

Cite this: RSC Adv., 2025, 15, 22534

Received 19th March 2025
Accepted 24th June 2025

DOI: 10.1039/d5ra01948f

rsc.li/rsc-advances

22534 | RSC Adv., 2025, 15, 22534–2
ed sodium ferrite nanocomposite-
based dispersive solid-phase extraction for trace
detection of metal ions in water and juices
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Sherazi,b Shahabuddin Memon,b Tasneem Gul Kazi, b Mohsin Kazi,c

Khalid Hussain Thebo d and Khalil Akhtarb

In this work sodium ferrite nanoparticles (Na2Fe4O7-NPs) were synthesized through a sol–gel green

synthesis process using an aqueous extract of tamarind fruit and then combined with sodium alginate to

synthesize composite AG/Na2Fe4O7-NC. The synthesized nanoparticles and the composite were

characterized by advanced analytical techniques to study crystalline behaviour, morphology, surface

charge, and size distribution. AG/Na2Fe4O7-NC was employed to develop a novel dispersive solid-phase

extraction (DSPE) method for the simultaneous detection of heavy metals (HMs), including Cd, Co, Cu,

Mn, Ni, and Pb, by flame atomic absorption spectrometry. Various experimental factors, including pH,

nanocomposite dose, sample volume, eluent composition, eluent concentration, and eluent volume,

were examined to maximize efficiency. The developed AG/Na2Fe4O7-NC based DSPE method showed

limits of detection (LODs) of 0.6, 0.2, 4.9, 1.0, 6.0, and 0.1 ng L−1 for Cd, Co, Cu, Mn, Ni, and Pb,

respectively, with a preconcentration factor of 250. The accuracy of the method was validated using

certified reference material (CRM), yielding excellent recovery rates between 97.1% and 98.7%. This

developed method was successfully applied to measure HMs in tap water and fruit juice samples. The

AG/Na2Fe4O7-NC enhance the adsorption efficiency of the developed DSPE method and makes it

a powerful tool for analyzing trace metals in environmental and food safety applications.
1 Introduction

Environmental contamination is increasing daily due to several
environmental contaminants, such as heavy metals (HMs),
dyes, and pharmaceutical residues. Among them, the analysis
of HMs is quite important for food safety, environmental
protection, and the purity of materials. The investigation of
HMs also holds importance in the eld of agriculture to control
environmental pollution. A lot of instrumental techniques for
the quantitative measurement of HMs have been developed and
employed. Flame atomic absorption spectrometry (FAAS) is
widely applied for measuring HMs quantitatively as it is quite
simple and cost-effective. The direct determination of HMs by
FAAS is difficult due to their presence in trace quantities;
therefore, the preconcentration step has been employed to
measure the trace level of HMs in the environmental and food
samples.1
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Different methodologies, such as ion exchange,2 electro-
chemical deposition,3 liquid–liquid extraction (LLE),4 cloud
point extraction,5 otation,6 dispersive solid phase extraction
(DSPE),7 and co-precipitation,8 were applied for determining
HMs. DSPE is superior in cost-effectiveness over other methods
and is a good alternative to LLE.9 The DSPE method is also
preferred for preconcentrating HMs as it generates minimum
solvent waste and reduces extraction time.10 Moreover, the
stable nature and wide surface area of the DSPE method result
in efficient adsorption of HMs.11 Many nanomaterials have been
employed as sorbents for DSPE to enhance extraction efficiency.
However, ferrite nanoparticles (FNPs) have shown maximum
potential in efficiently removing HMs from environmental and
food samples. This is due to their desirable features, e.g., their
large surface area and high chemical reactivity, resulting in
efficient capture of HMs from the sample matrix.12 FNPs have
been synthesized using different synthesis methods, including
hydrothermal, sol–gel, microwave, ultrasonic, precipitation,
and chemical vapour deposition.13 Moreover, the green
synthesis of FNPs using the sol–gel method is of great impor-
tance as it is found cheaper and more eco-friendly method.14,15

The green synthesis of FNPs uses extracts of biogenic species
that contain biologically active compounds (amino acids,
terpenoids, acetic acid, proteins, amides, ketones, aldehydes,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and citric acid) essential for minimizing the aggregation of
FNPs.16 Tamarind (Tamarindus indica) is a well-known biogenic
source due to its rich phytochemical composition, which
includes citric acid, avonoids, polyphenols, tartaric acid, and
reducing sugars. These phytochemicals can effectively
employed as reducing and capping agents in the green
synthesis of FNPs. Furthermore, tamarind is cost-effective,
abundantly available, and has previously demonstrated excel-
lent performance in biogenic nanoparticle synthesis (e.g., silver
nanoparticles17), which makes it an efficient and sustainable
selection for the synthesis of FNPs.17,18 The FNPs possess a low
adsorption capacity, resulting in a low recovery of HMs.19 Thus,
their properties can be improved by specic chemical modi-
cation via natural or synthetic polymers for the fabrication of
their nanocomposite.20 Natural polymers, mainly poly-
saccharides (for example, alginate), are preferable due to their
structural porosity, hydrophilicity, ion-exchange ability, and
active chemical functionalities of carboxyl and hydroxyl groups
for binding HMs.21

The current study aims to synthesize sodium ferrite nano-
particles (Na2Fe4O7-NPs) as the core material using a green
method with tamarind fruit extract for the synthesis of an
alginate-based core–shell composite (AG/Na2Fe4O7-NC). The
synthesized AG/Na2Fe4O7-NC was applied to analyze HMs,
including Cd, Co, Cu, Mn, Ni and Pb using the DSPE-based
FAAS method. The Na2Fe4O7-NPs and AG/Na2Fe4O7-NC were
thoroughly characterized by advanced analytical techniques to
study crystalline structure, surface functionality, charge,
morphology and particle size distribution. The AG/Na2Fe4O7-NC
was applied for the simultaneous determination of Cd, Co, Cu,
Mn, Ni, and Pb in tap water and juice samples in trace quan-
tities by dispersive solid-phase extraction (AG/Na2Fe4O7-DSPE).
The experimental factors were optimized to obtain excellent
results. The AG/Na2Fe4O7-DSPE was applied to determine traces
of HMs in tap water and juice samples. The method allows for
the detection of multiple metals in a single run, saving time and
resources compared to methods that detect each element
separately.
2 Experimental work
2.1 Standards and chemicals

Analytical-grade standards and chemicals were employed in all
the experimental studies. The certied reference material
(CRM; SPS Waste Water level 2), was obtained from the Spec-
trapure Standards (Oslo, Norway). The chlorides of nickel,
sodium, calcium, manganese, cobalt, and chromium, the
carbonates of calcium, the sulfate salt of magnesium, and the
nitrates of sodium, potassium, and iron were purchased from
Fluka (Bush, Switzerland). The sodium acetate (CH3COONa),
ammonium hydroxide (NH4OH), hydrochloric acid (HCl), nitric
acid (HNO3), sulfuric acid (H2SO4), and the standard stock
solutions of Cd, Co, Cu, Mn, Ni, and Pb of 1000 mg L−1 were
also purchased from Sigma-Aldrich, Louis, USA. The distilled
water was obtained from the ultra-pure water purier system
(Bedford, USA).
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2 Instrumentation

A digital pH meter (Model pH 2700) with a glass electrode was
purchased from Eutech, Malaysia. The Fourier transform
infrared (FTIR) spectrophotometer of Nicolet (Madison, WI)
and scanning electron microscopy (SEM) instrument of JEOL
(JSM-7600F, Japan) were used to determine the functional
groups and surface morphology of synthesized materials,
respectively. An X-ray diffraction (XRD) instrument of Bruker
(Wisconsin, USA) was used to study the crystalline structure of
synthesized materials. The zeta potential (ZP) and zeta size (ZS)
of synthesized materials were analyzed by a Dynamic Light
Scattering system (ELSZ-2000). A FAAS instrument (PerkinElmer
Analyst 200, Norwalk, CT, USA) was used for elemental analysis
with a custom-built micro-sample injection system (MIS). A
hollow-cathode lamp was employed for the measurement of Cd,
Co, Cu, Mn, and Ni. The EDL lamp was employed for Pb
measurement. The spectral line for Cd, Co, Cu, Mn, Ni, and Pb
was selected as 228.8, 240.7, 324.8, 279.5, 232.0, and 217.0 nm,
respectively. A Milestone (ETHOS EASY) microwave digestion
device (Germany) was used to digest the juice samples.
2.3 Sol–gel green synthesis of Na2Fe4O7-NPs

The tamarind fruit was purchased from the supermarket of
Pamukkale-Denizli, Turkey, and washed with distilled water.
Aqueous extract of tamarind fruit was prepared by taking ten
grams of tamarind fruit in 200 mL of distilled water. The
mixture was heated at a temperature of 70 °C on a hot plate for
120 minutes with continuous stirring. The prepared extract was
ltered and used to synthesize Na2Fe4O7-NPs.22 Aer extraction
preparation, 100 mL of iron nitrate nonahydrate (2.0 M) and
sodium nitrate (1.0 M) were prepared separately and stirred to
get clear solutions. Then the prepared solutions were mixed,
and 200 mL of prepared extract was poured slowly with the help
of a burette. The pH of the solution was maintained from 7.0–
9.0 with NH4OH. Then, the solution was stirred on a hot plate at
80 °C for two hours. Aer being dried in a hot air oven, the nal
product was pulverized with a pestle and mortar. The obtained
powder was calcined at 850 °C for 5 hours for the phase devel-
opment of Na2Fe4O7-NPs.23,24
2.4 Synthesis of AG/Na2Fe4O7-NC

AG/Na2Fe4O7-NC was synthesized using Na2Fe4O7-NPs.21 This
composite was made by mixing 100 mL of a 3% (w/v) sodium
alginate solution with 1 g of Na2Fe4O7-NPs and stirring the
mixture for three hours. Aer adding the combination dropwise
to 100 mL of a 2% (w/v) CaCl2 solution, it was le overnight. To
get AG/Na2Fe4O7-NC, the resultant material was ltered,
completely cleaned with distilled water, dried for 24 hours at
30 °C, and crushed into a ne powder.
2.5 DSPE-FAAS procedure for the determination of HMs by
AG/Na2Fe4O7-NC

The DSPE procedure involved the mixing of 0.02 g of AG/
Na2Fe4O7-NC in 500 mL of a 20 mg L−1 solution of Cd, Co, Cu,
Mn, Ni, and Pb. The suspensions of different pH ranges from
RSC Adv., 2025, 15, 22534–22545 | 22535
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2.0–9.0 were prepared using buffer solutions. The prepared
suspensions were vortexed thoroughly for 30 s. The samples
were then divided into multiple 50 mL centrifuge tubes and
centrifuged accordingly at 3000 rpm for 3 min. The supernatant
was discarded, and 5 mL of eluent (HNO3; 0.5 M) was mixed
with the AG/Na2Fe4O7-NC, which was loaded with HMs. This
suspension was vortexed for 30 s and then centrifuged at
3000 rpm for 3 min. The resulting supernatant was separated
and detected by FAAS for the determination of HMs.
2.6 Application of CRM and real samples

The devised technique was used to evaluate the known
concentration CRM (SPS Waste Water level 2), and FAAS con-
ducted triple analyses. Samples of tap water were gathered,
ltered, and stored in Denizli, Turkey. The juice boxes of several
brands were purchased from stores in Denizli, Turkey. The
concentrated HNO3 and H2O2 (5 : 1 by volume) were poured into
10 mL of the juice samples, followed by being subjected to
microwave digestion.25 The resulting product was diluted up to
500 mL with distilled water. The developed AG/Na2Fe4O7-NC-
based DSPE-FAAS was employed for quantifying HMs in tap
water and juice samples.
Fig. 1 (a) X-ray diffraction spectrum (b) Fourier transform infrared spec
Na2Fe4O7-NC.

22536 | RSC Adv., 2025, 15, 22534–22545
3 Results and discussion
3.1 Characterization

The synthesized nanoferrites were characterized by XRD for
investigation of structure, size and % crystallinity. The XRD
spectra of Na2Fe4O7-NPs and AG/Na2Fe4O7-NC are given in
Fig. 1(a). The diffraction peak patterns obtained from the XRD
spectrum of Na2Fe4O7-NPs conrmed the formation of
a hexagonal crystallite phase.26,27 Further, it the XRD spectrum
of AG/Na2Fe4O7-NC showed similarities in the diffraction peak
patterns to Na2Fe4O7-NPs, and some peaks also disappeared
due to the coating of sodium alginate on the Na2Fe4O7-NPs. No
other peak relevant to biopolymer was found in the range of 20–
80° which conrmed the successful synthesis of AG/Na2Fe4O7-
NC.27,28 The sharpness of peaks displays a higher degree of
crystallinity. The average crystallite size was calculated by
Debye–Scherrer formula which was found 21.8 and 39.3 nm,
respectively. The crystallinity (%) of Na2Fe4O7-NPs and AG/
Na2Fe4O7-NC was found to be 86 and 79%, respectively.

The presence of functional groups in sodium alginate (AG),
Na2Fe4O7-NPs, and AG/Na2Fe4O7-NC was investigated by FTIR
spectroscopy as shown in Fig. 1(b).29 The peaks (3249 and
1638 cm−1) were observed in the FTIR spectrum of Na2Fe4O7-
trum (c) zeta potential histogram and (d) zeta size histogram of AG/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NPs due to the stretching and bending of the hydroxyl group,
resulting in moisture adsorption by Na2Fe4O7-NPs.30 Another,
absorption peak was found at 682 cm−1 that was attributed
iron–oxygen (Fe–O) stretching vibration. The peak at 871 cm−1

that was reported as distinct peak of hexagonal ferrites was also
observed.31 In the FTIR spectrum of AG the peak observed at
3406, and 2943 cm−1 are due to the stretching vibration of the
hydroxyl, and methylene group of alginate, respectively.32,33 The
peaks observed at 1413 and 1634 cm−1 are due to symmetric
and asymmetric C]O stretching vibrations of carboxyl group.
The carbon–oxygen (C–O) stretching vibration was observed at
1053 cm−1.32,34–37 Moreover, in the FTIR spectrum of AG/
Na2Fe4O7-NC all the peaks of AG was observed with slight
shiing and peak of Fe–O was also observed indicating
successful formation of AG/Na2Fe4O7-NC. The presence of
hydroxyl and carboxyl acid groups in AG is responsible for the
effective adsorption of HMs.

Further, the zeta potential is a critical parameter that reects
the stability of nanoparticles within a colloidal dispersion.38 It
measures the electrostatic potential at the interface of the
double layer surrounding a colloidal particle in solution.
Particles with zeta potentials between −10 mV and +10 mV are
considered neutral, while those with potentials less than
−30 mV or greater than +30 mV are categorized as strongly
Fig. 2 SEM image of synthesized (a) Na2Fe4O7-NPs and
(b) AG/Na2Fe4O7-NC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
anionic or cationic, respectively.39 The zeta potential of AG/
Na2Fe4O7-NC was investigated and found in the range of
−22.2 mV to −54.9 mV, with an average value of −40.87 mV
(Fig. 1(c)). This strongly anionic nature suggests excellent
stability and enhances the material's ability to adsorb cationic
heavy metals. Additionally, the zeta size (ZS) of AG/Na2Fe4O7-NC
was determined by plotting the size against total counts, which
showed the size ranged from 14 to 77 nm, with an average size
of 51.3 nm (Fig. 1(d)).

Moreover, SEM was used to investigate the surface
morphology of synthesized Na2Fe4O7-NPs and AG/Na2Fe4O7-NC
as shown in Fig. 2(a) and (b).40,41 The SEM image of Na2Fe4O7-
NPs displayed a semi-spherical shape of agglomerated particles
with porous and rough surfaces. The surface properties of
Na2Fe4O7-NPs can maximize the adsorption of HMs by pos-
sessing a large surface area.42,43 From the SEM analysis AG/
Na2Fe4O7-NC it was observed that the shape of particles
changed and size was also increased due to the covering of
sodium alginate resulting in a highly rough surface. The
increase in roughness of the surface further enhances the
surface area of AG/Na2Fe4O7-NC. Consequently, the synthesized
nanocomposite can be proved effective for the adsorption of
HMs.

The elemental composition of synthesized AG/Na2Fe4O7-NC
was investigated by EDX to conrm the formation of AG/
Na2Fe4O7-NC. The results are shown in Fig. 3(a), which reveals
Fig. 3 (a) EDS and (b) BET of synthesized AG/Na2Fe4O7-NC.

RSC Adv., 2025, 15, 22534–22545 | 22537

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01948f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 6
:4

2:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the presence of all desired elements (C, Na, O, and Fe) that
conrm the successful synthesis of AG/Na2Fe4O7-NC. Surface
area and porosity of synthesized AG/Na2Fe4O7-NC were analyzed
by nitrogen adsorption desorption isotherm. The isotherm
curve in Fig. 3(b) shows an IUPAC type IV isotherm with a type
H3 hysteresis loop. According to the gure, the majority of the
uptake takes place between relative pressures of 0.1 and 0.95.
The AG/Na2Fe4O7-NC exhibited a uniform pore width and the
average pore size was found 18.387 AG/Na2Fe4O7-NC. In addi-
tion, the average BET surface area was obtained 45.256 m2 g−1

for AG/Na2Fe4O7-NC which making AG/Na2Fe4O7-NC best
option for adsorption studies.
3.2 Optimization of DSPE factors

3.2.1 Inuence of pH. The most crucial factor for the
successful adsorption and retention of analytes (HMs) onto the
adsorbent (AG/Na2Fe4O7-NC) is the pH of the solution. As
a result, the impact of pH was investigated throughout a broad
pH range of 2–9, which was maintained using buffer solutions.
According to obtained experimental results in Fig. 4(a), pH 6
was found suitable for detection of Cd, Co, Cu, Mn, and Ni as
these HMs showed maximum recovery at this pH. However, it
Fig. 4 Optimization of (a) pH, (b) adsorbent dose, (c) sample volume, and
using AG/Na2Fe4O7-NC based developed DSPE method.

22538 | RSC Adv., 2025, 15, 22534–22545
was observed that the maximum recoveries for Pb were found at
pH 7. Nevertheless, there were no appreciable variations in Pb
recoveries at pH 6 and 7. Therefore, pH 6 was selected as the
optimal pH for the simultaneous determination of Cd, Co, Cu,
Mn, Ni and Pb. The maximum recovery of HMs at pH 6 is
further elucidated by considering the dissociation behavior of
alginic acid and the chemistry of the HMs in solution. The pKa

value of alginic acid is approximately 3.5 which mean that
almost 76% of the carboxyl groups are dissociated at pH 4, while
more than 99% of dissociation of these groups occurs at pH 6
resulting in their deprotonation.44 The dissociation of carboxyl
groups increases the negatively charged carboxylate sites on the
surface which enhances the chelation capacity of the AG/
Na2Fe4O7-NC. This improve the adsorption of positively charged
HMs on the surface of AG/Na2Fe4O7-NC.45 However, further
increase in pH showed decrease in recoveries of HMs leading to
the formation of metal hydroxide species having lower solubility
and tend to precipitate.46 These precipitates can adhere to the
walls of the container which effectively reduce the concentra-
tion of HMs available for adsorption onto the adsorbent
surface.

3.2.2 Inuence of adsorbent dose. In order to determine
HMs using the established DSPE technique at pH 6, the impact
(d) eluent composition on the recoveries of Cd, Co, Cu, Mn, Ni, and Pb

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the adsorbent quantity was investigated between 10 and
50 mg (Fig. 4(b)). According to the results shown in Fig. 3(b),
HM recoveries rose as the dose of AG/Na2Fe4O7-NC increased by
up to 30 mg. The HM recoveries nearly stay the same aer 30 mg
of AG/Na2Fe4O7-NC, suggesting that there is an adequate dose
of active site for HM adsorption at 30 mg of AG/Na2Fe4O7-NC.
Therefore, 30 mg of AG/Na2Fe4O7-NC was utilized to determine
the HMs.

3.2.3 Inuence of sample volume. The inuence of sample
volume on the recovery of HMs was investigated by changing
the volume from 50–600 mL while keeping experimental
conditions constant. Aer preconcentration, the retained HMs
were eluted using 2 mL of 1.0 M HNO3 and quantied using
FAAS (Fig. 4(c)). The results showed that the recovery of HMs
increased with increasing sample volume up to 500 mL and
then decreased aer further increasing the sample volume.
From the results, it was noted that at lower sample volumes, the
number of HMs present may be insufficient to consume the
capacity of the adsorbent completely and resulting in low
recovery. By increasing the sample volume, more HMs are
available to interact with the abundant carboxyl functional
groups on the AG/Na2Fe4O7-NC surface, which improves the
recoveries of HMs. However, a further increase in sample
volume beyond 500 mL leads to the saturation of the adsorbent,
and the number of available active sites becomes insufficient to
bind all HMs in the solution. This leads to lower recovery at
higher sample volumes. Therefore, 500 mL was selected as the
optimal sample volume, which offers the best cooperation
between analyte availability and adsorbent capacity.

3.2.4 Selection of best eluent. Various acids such as HNO3,
HCl, and H2SO4 were studied as potential eluents for the elution
of HMs, and the results are shown in Fig. 4(d). It was observed
that the HNO3 resulted in the highest recovery of HMs due to its
strong oxidizing nature and ability to efficiently break the
interaction between HMs and adsorbent. Therefore, HNO3 was
selected as the optimal eluent for further use. Subsequently, the
concentration of the selected eluent was investigated, ranging
from 0.1–1.5 M, and the results are shown in Fig. 5(a). It was
Fig. 5 Optimization of (a) eluent concentration and (b) eluent volume o
based developed DSPE method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
noted that the recoveries of HMs increased with increasing
concentration of eluent up to 1.0 M. Beyond this concentration,
no signicant increase was observed which is possibly due to
saturation of desorption efficiency or matrix effects. Thus, the
optimal concentration of 1.0 M of eluent was selected. Further,
the eluent volume was optimized in the range of 2.0–20 mL and
the results are shown in Fig. 5(b). It was found that the 2.0 mL
showed maximum recoveries due to sufficient desorption of
retained HMs with minimal dilution. Therefore, 2 mL of 1.0 M
HNO3 was selected as optimal eluent. Based on the optimized
sample volume of 500 mL and eluent volume of 2.0 mL, the
preconcentration factor (PF), dened as the ratio of sample
volume to eluent volume, was calculated as 250.47

3.2.5 Interference and reusability. The interfering species
may signicantly inuence the recoveries of Cd, Cu, Co, Mn, Ni
and Pb by interacting with HMs or the surface of the adsor-
bent.48 The effectiveness of the AG/Na2Fe4O7-NC/DSPE/FAAS
method was examined by analyzing the recoveries of HMs (20
mg L−1) in the presence of different concentrations of interfering
species including Na+, K+, Ca2+, Mg2+, Cr3+, SO4

2−, Cl−,
CH3COO

−, CO3
2−, NO3

−, citric acid, tartaric acid, malic acid,
glucose, fructose and sucrose. The results shown in Table 1
indicated that the foreign species have no signicant inuence
on the recoveries of Cd, Cu, Co, Mn, Ni and Pb. This conrmed
the accuracy and efficiency of the developed AG/Na2Fe4O7-NC/
DSPE/FAAS method for the analysis of HMs in real samples.

Further, the reusability of the synthesized AG/Na2Fe4O7-NC
was assessed over ve consecutive cycles using the same
procedure. The AG/Na2Fe4O7-NC retained its adsorption effi-
ciency with no signicant loss in recoveries of HMs, which
indicates the excellent chemical/mechanical stability and
reusability of synthesized AG/Na2Fe4O7-NC. This demonstrates
that AG/Na2Fe4O7-NC can be effectively reused at least ve times
with negligible decline in performance. Furthermore, the
functional groups responsible for HMs binding remained
intact, which was conrmed by consistent performance and
minimal leaching during desorption. These outcomes validate
that the AG/Na2Fe4O7-NC is chemically robust andmechanically
n the recoveries of Cd, Co, Cu, Mn, Ni, and Pb using AG/Na2Fe4O7-NC
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Table 1 Influence of foreign species for the determination of HMs by AG/Na2Fe4O7-NC-based SPE-FAAS method

Foreign species Added salts Tolerance limit (mg L−1)

% Recovery

Cd Co Cu Mn Ni Pb

Na+ NaCl 2000 93.4 92.3 94.4 95.1 92.2 93.7
K+ KNO3 100 94.2 92.1 96.4 93.4 91.6 94.2
Ca2+ CaCO3 1000 95.6 95.5 95.3 92.3 93.3 93.7
Mg2+ MgSO4 2000 95.1 94.3 94.1 96.1 96.6 94.6
Cr3+ CrCl3 100 94.6 96.6 96.4 96.4 94.2 95.4
SO4

2− MgSO4 2000 92.3 91.8 95.8 95.3 93.4 94.4
Cl− NaCl 2000 93.5 93.3 95.7 95.3 96.5 95.6
CH3COO

− CH3COONa 1000 94.3 96.3 93.5 93.7 95.8 96.5
CO3

2− CaCO3 1000 91.5 94.5 93.2 94.2 93.9 92.8
NO3

− KNO3 100 93.2 94.2 95.2 92.8 90.9 91.8
Citric acid C6H8O7 500 92.5 91.5 92.7 91.4 92.5 92.5
Tartaric acid C4H6O6 500 93.1 92.3 93.5 91.3 91.1 93.1
Malic acid C4H6O5 500 92.3 91.4 92.8 92.6 92.3 91.3
Glucose C6H12O6 1000 91.8 92.6 91.9 91.8 91.3 91.1
Fructose C6H12O6 1000 91.9 92.9 91.4 91.7 92.4 90.9
Sucrose C12H22O11 1000 91.4 92.5 91.5 91.6 91.8 90.4
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durable, which makes it a reliable adsorbent for repeated
application in DSPE.

3.2.6 Analytical gures of merit, validation, and applica-
tion. The developed AG/Na2Fe4O7-NC-based DSPE method's
analytical gures of merit were carefully assessed. A number of
variables, including concentration range, enrichment factor
(EF), slope, intercept, correlation coefficient (R2), limits of
detection (LOD, S/N= 3.0), and limits of quantication (LOQ, S/
N = 10) were investigated under ideal circumstances in order to
assess the efficacy of the developed methodology.49 The LODs
and LOQs were calculated by using 3s/s and 10s/s formulas,
respectively, where, s is the standard deviation of blank (n =

10), and s is the slope of the calibration graph.50 The LODs of the
Table 2 Analytical features of AG/Na2Fe4O7-NC-based DSPE-FAAS met

Without DSPE

Parameter Cd Co

Dynamic range (mg L−1) 200–10 000 400–20 000
Slope 0.02 0.0201
Intercept 0.0273 0.0287
R2 0.998 0.9992
LOD (mg L−1) 0.650 0.326
LOQ (mg L−1) 2.16 1.08

DSPE by AG/Na2Fe4O7-NC

Parameters Cd Co

Dynamic range (mg L−1) 2.00–80.0 4.00–80
Slope 4.986 4.9837
Intercept 0.0283 0.0285
R2 0.998 0.9982
LOD (mg L−1) 0.0026 0.0013
LOQ (mg L−1) 0.0086 0.004

a Note: LOD (limit of detection); R2 (coefficient of determination); LOQ (li

22540 | RSC Adv., 2025, 15, 22534–22545
developed AG/Na2Fe4O7-NC-based DSPE-FAAS method were
found to be 0.0026, 0.0013, 0.0024, 0.0063, 0.0023, and 0.0023
mg L−1 for Cd, Co, Cu, Mn, Ni, and Pb, respectively. The EF was
calculated by dividing the slope of the calibration curve with
DSPE by the slope of calibration curve without DSPE.51,52 The
obtained EF values Cd, Co, Cu, Mn, Ni, and Pb were 249.3,
247.9, 247.6, 249.8, 248.9, and 248.8 which were approximately
equal to that of PF. The ndings show that trace levels of HMs in
actual samples may be effectively analyzed concurrently using
the new AG/Na2Fe4O7-NC-based DSPE technique (Table 2).

The CRM was examined to evaluate the practical application
of the AG/Na2Fe4O7-NC-based DSPE method. The usefulness of
the developed AG/Na2Fe4O7-NC-based DSPE was studied and
hod for the determination of HMsa

Cu Mn Ni Pb

200–20 000 200–1000 200–20 000 400–20 000
0.0104 0.0094 0.0222 0.0243
0.0091 0.065 0.0284 0.0125
0.9993 0.994 0.9998 0.997
0.620 0.691 0.592 0.560
2.08 2.31 1.97 1.89

Cu Mn Ni Pb

2.00–80.0 2.00–80.0 2.00–80.0 4.00–80.0
2.5752 2.348 5.5269 6.0468
0.0063 0.09 0.0336 0.0108
0.9998 0.999 0.9974 0.999
0.0025 0.0063 0.0023 0.0023
0.0084 0.009 0.0079 0.0076

mit of quantication).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Application of AG/Na2Fe4O7-NC based DSPE-FAAS methodology by quantitative determination of HMs by CRM

Heavy metal Certied conc. (mg L−1) Detected conc. (mg L−1) Recovery (%) RSD (%)

Cadmium 0.100 � 0.0005 0.0982 � 0.002 96.7–99.7 2.03
Cobalt 0.300 � 0.002 0.293 � 0.003 97.3–98.0 1.02
Copper 2.00 � 0.01 1.942 � 0.03 96.1–98.1 1.54
Manganese 2.00 � 0.01 1.958 � 0.04 96.4–99.4 2.04
Nickel 5.00 � 0.0025 4.87 � 0.10 95.4–99.4 2.05
Lead 2.00 � 0.001 1.95 � 0.03 93.6–98.1 1.54

Table 4 Application of the developed AG/Na2Fe4O7-NC-based DSPE-FAASmethodology for the determination of HMs (mg L−1) in tap water and
juice samples

Samples Pb Cu Co Ni Mn Cd

Tap water 8.71 � 1.3 4.64 � 1.1 1.82 � 0.3 2.39 � 0.51 14.6 � 2.5 0.75 � 0.10
Apple 47.5 � 6.1 21.63 � 2.3 1.03 � 0.1 9.53 � 2.1 7.18 � 1.9 12.8 � 1.04
Orange 32.3 � 3.7 32.60 � 3.8 1.20 � 0.1 19.61 � 0.0 8.9 � 1.25 19.1 � 3.70
Apricot 26.8 � 4.8 69.30 � 4.7 5.17 � 0.8 16.2 � 1.09 48.7 � 3.1 0.600 � 0.01
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recoveries of HMs were calculated. The resulting data of CRM
samples indicated that the recoveries of HMs were found in the
range of 93.62–99.70%, signifying the outstanding accuracy of
the developed AG/Na2Fe4O7-NC based DSPE method for the
determination of HMs (Table 3).

The tap water samples (n = 3) were collected from Denizli,
Turkey, ltered and stored. Fruit juices (n = 9) samples of
different brands and avors were collected from local markets
in Denizli, Turkey. The juice samples include apples, oranges,
and apricots. The juice samples were digested as mentioned
above (in Section 2.5). The DSPE method was employed for the
determination of HMs in tap water and juice samples. The
results for tap water and juice samples are given in Table 4.

According to the results, Orange juices have the greatest
content of Cd among the various fruit juices, followed by apple
and apricot juices. Similarly, Apricot juices have the greatest
concentrations of Cu, Co, andMn, followed by orange and apple
juice. Further, orange juices have the greatest Ni contents, fol-
lowed by apricot and apple juice. Apple juices have the greatest
concentration of Pb, followed by orange juice, while apricot
juice has the lowest.
Table 5 Calculated estimated daily intake and compared with PTDI leve

Metals
Concentration of
metals in selected juicea

Juices
consumed

Concentration
of metals in tap water

Cd 10.8 2.16 0.750
Co 2.50 0.490 1.82
Cu 41.1 8.20 4.64
Mn 21.5 4.30 14.6
Ni 15.1 3.00 2.39
Pb 35.5 7.10 8.71

a The average concentration of HMs in selected juice samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2.7 Estimated daily intake. Using the formula EDI = (CJ +
CW)/BW, where CJ and CW represent the concentrations of HMs
in a 200mL juice pack andwater, respectively, the estimated daily
intake (EDI) of HMs was determined. For children and adults, the
average body weight was 20 kg and 60 kg, respectively. The
concentrations of HMs in Table 5 are below the FAO/WHO-
determined provisional tolerated daily intake (PTDI).53 A water
contribution is also included in the HMs calculation. For
instance, the daily water consumption of adults (2.5 L/age 20–25
years) and children (1.5 L/age 4–10 years) differs. The WHO rec-
ommended value is higher than the Turkish Food Codex, which
is 0.1 mg L−1. Accordingly, the provisional tolerable daily intake
(PTDI) of HMs collectively through a regular juice pack per day
and drinking water (tap water) consumed by children and adults
is between 0.161 and 1.311 and 0.0673 to 0.680 mg kg per body
weight per day, respectively.

3.2.8 Comparative study. The developed AG/Na2Fe4O7-NC/
DSPE/FAAS method has demonstrated more reliability than
the already reported methods for the detection and quanti-
cation of HMs.56–64 The novel adsorbent (AG/Na2Fe4O7-NC)
offers high extraction efficiency, a low LOD, and a high PF
l (3.57 mg kg per body weight per day)54,55

Water consumed

Water and juice
mg per L per day
per body weight

FAO/WHO PTDI:
mg per L per body
weight per day

Children (1L) Adults (3L) Children Adults Children Adults

0.750 2.25 0.16 0.067 0.357 1.00
1.82 5.46 0.16 0.080 100 500
4.64 13.92 0.750 0.330 0.5 500
14.6 43.8 1.31 0.680 0.357 140
2.39 7.17 0.330 0.150 2.8 5.00
8.71 26.13 1.01 0.480 25.8 13.35

RSC Adv., 2025, 15, 22534–22545 | 22541
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Table 6 Comparison of the developed AG/Na2Fe4O7-NC-based DSPEmethod with reported studies for the quantitative determination of HMsa

Method Sorbent Sorbent dose (mg) Detection technique PF LOD (mg L−1) Reference

mSPE Luffa@TiO2 5.00 FAAS 50.0 0.13 56
SPM Bi2WO6 35.0 FAAS 50.0 6.0 57
DSP-Me ND@Bi2MoO6 5.00 FAAS 24.5 1.75 58
Mspe MWCNTs@MgAl2O4@TiO2 5.00 FAAS 100 0.42 59
SPME Nanodiamonds@NiCoFe-LDH 5.00 FAAS 25.0 0.621 60
MSPE Alginate/MIL-101(Cr)-NH2/Fe3O4 7.40 UHPLC-MS/MS 9.60 0.00043–0.0159 61
Batch ow Fe3O4@MBA nano-hybrid 1000 AAS — — 62
Batch Alg-Fe3O4 0.150 — — — 63
MSPE Fe-alg-MgO — HPLC — 0.0082–0.0139 64
DSPE AG/Na2Fe4O7 20.0 FAAS 250 0.0013–0.0063 Current study

a Note: FAAS; ame atomic absorption spectroscopy, mSPE; magnetic solid phase extraction, SPME; solid phase microextraction, DSPE; dispersive
solid phase extraction, Fe3O4@MBA nano-hybrid; magnetite Fe3O4@biosilica/alginate, MSPE; magnetic solid phase extraction, Fe-alg-MgO; iron
alginate magnetic graphene oxide, Alg-Fe3O4; sodium alginate-coated magnetite.
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(Table 6). The results showed the outstanding performance of
the AG/Na2Fe4O7-NC/DSPE/FAAS method in terms of efficiency,
sensitivity, and reliability for the analysis of HMs.

4 Conclusion

This study presented a green synthesis method for producing
Na2Fe4O7 nanoparticles (Na2Fe4O7-NPs) using tamarind fruit
extract, which was then used to create AG/Na2Fe4O7-NC. The
resulting AG/Na2Fe4O7-NC exhibited nanoscale dimensions
with a rough surface and high stability. A new dispersive solid-
phase extraction ame atomic absorption spectrometry (DSPE-
FAAS) method based on AG/Na2Fe4O7-NC was developed for
trace-level detection of heavy metals (HMs). The LODs of the
developed method were found 0.0026, 0.0013, 0.0025, 0.0063,
0.0023, and 0.0023 mg L−1 for Cd, Co, Cu, Mn, Ni, and Pb,
respectively. This DSPE-FAAS method was successfully applied
to determine HMs in real water and juice samples. The esti-
mated daily intake of HMs from the analyzed juice and water
samples was also calculated and found to be below the provi-
sional tolerable daily intake (PTDI) set by the WHO. Addition-
ally, due to its simplicity and low LOD, this approach offers
a superior alternative for the simultaneous determination of
HMs compared to less effective and time-consuming methods.
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