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thyme tea extracts by FeSbO, nanoparticle-based
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In the present study, an accurate, rapid and green analytical method based on FeSbO,4 nanoparticle-assisted
dispersive solid phase extraction (DSPE) was developed to determine trace levels of nickel (Ni) by flame
atomic absorption spectrophotometry (FAAS). The fabrication of the FeSbO,4 nanoparticles was achieved
under hydrothermal synthesis conditions and utilized for the first time as sorbent materials for the
preconcentration/separation of Ni ions. A univariate optimization approach was applied to determine the
optimal conditions for the extraction parameters. Under the optimal conditions, the limit of detection
and the dynamic linear range were found to be 0.81 ug L™ and between 4.0 and 40 ug L™%, respectively.
The sensitivity of FAAS was improved by 137.8-fold. Thyme tea samples were spiked to assess the
applicability of FeSbO,4-DSPE-FAAS, and the percent recovery results between 84.8% and 120.6%
obtained with the matrix matching calibration strategy demonstrated that the developed method is
feasible for determining nickel ions in thyme tea and similar matrices with high accuracy. The Eco-Scale
index was evaluated to determine the greenness of the developed preconcentration protocol, and a net
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1. Introduction

Nickel and its alloys, which have been frequently employed by
human beings since ancient times, have historical traces in
many areas, such as defense equipment, daily tools, and artistic
objects." Currently, nickel is one of the primary metals utilized
in the electroplating industry.” The presence of nickel in direct
contact with humans is a health concern. Chronic exposure to
nickel and its salts results in serious health problems such as
allergy, cancer, cardiovascular, respiratory and kidney diseases.’
On the other hand, it has been reported that prolonged contact
of the skin with metallic nickel and its alloys causes deforma-
tion of the stratum corneum layer, resulting in a special type of
eczema called nickel eczema. Although this dermatological
disease was previously only an occupational disease in workers
in industries working with nickel, it has also been observed in
people outside the industry due to their chronic contact with
nickel-containing items in daily life.* In the findings related to
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score of 88 was calculated, indicating excellent environmental characteristics.

nickel allergy, a prevalence rate of 9.8% was observed among
Swedish women aged 16-19 between 2011 and 2013, while
a prevalence rate of 14-18% was observed among adults of both
genders in other European Union countries between 2008 and
2011. Additionally, in 2012, a prevalence of approximately
11.6% was reported among girls undergoing patch testing due
to suspected allergic contact dermatitis in Germany, Austria,
and Switzerland.® Nickel and its compounds, which are found
naturally in the Earth's crust, are released into the environment
through several human activities such as refining, smelting,
mining, metal industry applications, and waste and fossil fuel
combustion and through natural sources such as meteoric dust,
volcanic eruptions, windblown dust and forest fires. Consid-
ering that nickel emissions to the atmosphere from natural
sources were 30 million kg per year in the early 1990s, the
exposure of the world population to low levels of nickel through
inhalation, water and food is of great concern for human health
and environmental resources.>® In particular, nickel, which is
transferred to the roots, stems or leaves of plants consumed as
food, enters the metabolism through digestion.” Although the
European Food Safety Authority (EFSA) has set a tolerance limit
of 2.8 ug kg~ ' of nickel per body weight, World Health Orga-
nization (WHO) guidelines have reported nickel concentrations
between 0.01 and 0.10 mg kg™ ' in different foods. For this
reason, it is essential to monitor nickel levels with high accu-
racy, especially in food matrices.® The release from materials
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used for brewing tools is a possible source of nickel contami-
nation in food and water matrices.® According to current data,
the WHO has set the legal limit for Ni in drinking water to
70 ug L' However, a study in the literature reported that Ni
concentrations after tea infusion in traditional metallic and
stainless-steel teapots ranged from 41 to 209 pg L™, and in one
sample, it was 856 pg L~ '. When Pyrex glass pots were used
for infusing, the mean nickel concentration was found to be
32 pg L. These levels are believed to be due to the release
from the teapot and the tea content. Spices have been used in
foods for a very long time due to their flavor enhancing prop-
erties. Among them, thyme is a spice with pharmacological
properties that is commonly used to enhance the flavor of food.
Thymol and carvacrol, as the two main constituents of thyme,
exhibit antioxidant, anti-inflammatory and neurologically
beneficial effects that support the widespread use of thyme."
Garden thyme, named Thymus vulgaris in the Lamiaceae family,
is widely grown for brewing tea in the Mediterranean region."
More than 450 plant species worldwide have been proven to
exhibit hyperaccumulatory effects and retain heavy metals in
their structures. The most hyperaccumulatory effect, especially
in green leafy plants, is associated with nickel. Of these, some
Mediterranean plants have been reported to be nickel hyper-
accumulators.”® According to a declaration issued at the North
Atlantic Treaty Organization (NATO) conference in 1983, a high
concentration of nickel was detected in a large part of the
Mediterranean Sea.'* Therefore, one of the main reasons for
nickel accumulation might be linked to the increased nickel
concentration in water, an essential soil requirement, in the
Mediterranean region. Hence, the determination of trace nickel
levels in thyme samples with high accuracy is an important
issue for analytical research in food safety.

In the literature, analytical techniques frequently employed
for nickel determination are inductively coupled plasma-optical
emission spectrometry (ICP-OES),"* inductively coupled plasma-
mass spectrometry (ICP-MS),'® graphite furnace atomic absorp-
tion spectrometry (GFAAS),"” atomic fluorescence spectrometry,'®
anodic stripping voltammetry'® and flame atomic absorption
spectrometry (FAAS) analyses.® FAAS, which can be applied to 68
elements in the concentration range of mg L™ in various
matrices, is one of the basic spectroscopic techniques widely
utilized in many laboratories, with the advantages of relatively
low operator skill, low cost and easy operation for routine anal-
ysis.?® The high cost and difficulty of accessibility of systems such
as ICP-OES and ICP-MS, as well as the cost, matrix modifier, and
temperature program requirements of the GFAAS system, are
significant limitations in practice.”»* On the other hand, the
disadvantages of FAAS include low sampling efficiency as a result
of the low nebulization system and poor sensitivity due to the
very short residence time of atoms in the light path. Hence, the
implementation of an appropriate sample preparation procedure
allows for sensitive and accurate analyte determinations.*

For this goal, various extraction methods have been presented
for the preconcentration and separation of nickel from complex
matrices, such as dispersive liquid-liquid microextraction
(DLLME),* cloud point extraction (CPE),* solidified floating
organic drop formation microextraction (SFODFME)* and
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dispersive solid phase extraction (DSPE).”” The DSPE method,
based on the principle that the sorbent material adsorbs the
analyte(s) on its surface by dispersing in the sample solution,
minimizes the drawbacks of the traditional SPE method, such as
long equilibration time and poor extraction yield.>® On the other
hand, thanks to the significant advances in nanotechnology in
recent years, the idea of utilizing nanoparticles fabricated for
different purposes as sorbent materials has made the DSPE
method more attractive. For this reason, numerous sorbent
materials with different physical and chemical properties have
appeared in various analytical applications. Nanoparticles (NPs),
with at least one dimension smaller than 100 nm, are innovative
materials made of inorganic and organic compounds with high
porosity, minimal size and active adsorption sites that are
capable of adsorbing a variety of pollutants.”**

The materials with the ABO,-type structures have been the
topic of different studies in various engineering applications,
such as Li-ion batteries, gas sensors, photocatalysts, photode-
tector systems, and solar energy transformations.**® Among
these materials, iron antimonate (FeSbO,), a Sb mineral also
known as tripuhyite, has been reported to be employed as an
important catalytic material for the selective oxidation of
hydrocarbons.**** It has been indicated that FeSbO, particles
have a broad surface area thanks to their nanoscale dimensions
when the morphological structure was analyzed.** Moreover, it
has been reported that two or more mixed metal oxides exhibit
better performance in adsorption-based processes than single
metal oxides, such as Fe;0,, TiO,, and SnO,, and binary metal
oxides, such as M,0,/M,0;, due to their synergistic enhance-
ment properties.* Metal organic frameworks (MOFs), despite
being innovative materials, exhibit low stability in aqueous
environments and poor degradability, indicating the adequacy
of metal oxides in this context.*® As a result, a mixed metal oxide
nanoparticle such as FeSbO, has the potential to be utilized as
a sorbent material in various studies due to its characteristics,
such as its high surface area and chemical stability.

In light of this background, it has been suggested that FeSbO,
could be used as a sorbent material for a preconcentration/
separation study. Accordingly, since no previous studies using
FeSbO, have been found in the literature, FeSbO, was used for
the first time as a sorbent material for the preconcentration of
a hyperaccumulative inorganic analyte such as nickel in thyme
tea matrices. Since it is known that Sb-enriched regions on the
FeSbO, surface contain more active sites,*® the effect of mixed
metal oxide nanoparticles, such as FeSbO,, on the efficiency of
Ni(n) ion preconcentration/separation was evaluated through the
sensitivities of FAAS and improved FAAS systems. Developing
a FeSbO,-DSPE-FAAS method for the accurate determination of
Ni at trace levels with high sensitivity will provide a good alter-
native method for the evaluation of Ni levels in different matrices
to check the legal tolerable limit of Ni.

2. Materials and methods
2.1. Reagents and chemicals

Analytical grade chemicals and reagents were employed

throughout the experiments. Deionized water with

This journal is © The Royal Society of Chemistry 2026
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a conductivity of 18.2 MQ cm was supplied by an Elga Purelab
Flex 3 Water System (High Wycombe, United Kingdom) for the
preparation of standard and sample solutions and washing
of experimental materials. The nickel standard solutions
at different concentrations were produced by diluting
1000 mg kg~ of nickel(n) stock solution prepared by dissolving
nickel(n) nitrate hexahydrate (Carlo Erba, Spain) in 0.02% of
nitric acid (Merck, Germany) to lower concentrations. Anti-
mony(m) chloride (SbCl;) (>99%) and iron(m) nitrate non-
ahydrate (Fe(NO3);-9H,0) (>99%) salts used for the synthesis of
FeSbO, NPs were purchased from Sigma-Aldrich (USA) and
Merck (Germany), respectively. Ethanol (96%) (Tekkim, Tir-
kiye) was utilized to remove possible impurities on the surface
of the synthesized nanoparticles. Buffer solutions were
prepared using 0.40 M of potassium hydrogen phthalate
(Merck, Germany) for pH 4.0, 5.0 and 6.0, 0.90 M of hydrox-
ymethyl aminomethane (tris) (Merck, Germany) for pH 7.0 and
0.12 M of sodium tetraborate decahydrate (Sigma-Aldrich,
Germany) for pH 8.0, 9.0 and 10, respectively.

Hydrochloric acid (HCl) (37%) and sodium hydroxide
(NaOH) were bought from Merck (Germany) to adjust the pH of
the solutions. Acetylene supplied by a local vendor in istanbul,
Tirkiye was used for the fuel fed to the atomizer unit. Thyme
samples utilized for the recovery studies were purchased from
packaged products of different brands in supermarkets in
istanbul, Tiirkiye.

2.2. Apparatus

The quantitative and qualitative determination of nickel were
performed using an atomic absorption spectrophotometer
(FAAS) model ATI UNICAM AA929 integrated with a deuterium
(D,) lamp for background -correction. The spectroscopic
measurements were achieved using a Varian brand nickel
hollow cathode lamp producing light at a wavelength of
232.0 nm and a slit width of 0.50 nm. FeSbO, nanoparticles
were synthesized in a Nuve FN120 oven (Tirkiye). A Mettler
Toledo (USA) S220-K Seven Compact benchtop pH/ion meter
equipped with an InLab Expert electrode was employed to
control the pH of the solutions. After synthesis, a Heraeus oven
was used to dry FeSbO, nanoparticles. An MRC-Clean01 model
ultrasonic bath, an Isolab-M101002 model vortex mixer (Ger-
many) and a Heidolph (Germany) mechanical stirrer were used
to ensure the effective homogenization of the solutions/
samples. Phase separation was carried out using a Biobase
BKC TL5II (China) model centrifuge system. A four-stage Shi-
madzu (Japan) ATX224R precision balance was used to weigh
the solid materials.

2.3. Synthesis and characterization of FeSbO, nanoparticles

The synthesis of FeSbO, NPs was established by modifying the
procedure of a study in the literature.*® Accordingly, 5.0 mmol of
antimony(m) chloride and iron(m) nitrate nonahydrate were
weighed and transferred to different beakers. Due to the known
low solubility of antimony compounds in water,*” 5.0 mL of
10 M nitric acid was used to dissolve antimony(m) chloride.
Iron(m) nitrate nonahydrate, a water-soluble compound, was

This journal is © The Royal Society of Chemistry 2026
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dissolved directly in 5.0 mL of distilled water. After dissolving
the salts, the obtained solutions were mixed with each other.
Then, 10 M of NaOH was added dropwise until the pH of the
mixture reached the range of 9.5-10.0, and stirring continued
using a magnetic stirrer for about 25 minutes until the solution
color turned to brick. After the mixture was diluted with de-
ionized water to a final volume of 30 mL, it was transferred to
a Teflon container. The synthesis of nano-sized and homoge-
neous FeSbO, particles was carried out in an autoclave at 160 °C
for 12 hours. After the synthesis reaction was completed,
centrifugation was applied to ensure phase separation, and the
fabricated FeSbO, NPs were washed several times with deion-
ized water and ethanol to remove possible impurities and then
dried in an oven set at 50 °C for 24 hours. Subsequently, the
calcination process was carried out at 600 °C for 4.0 hours to
obtain the high purity of FeSbO, NPs.

2.4. Preparation of real samples

In this study, thyme tea, one of the spice teas frequently
consumed in daily life due to its several claimed benefits, was
selected as the real sample. Thyme samples were purchased
from two brands from a herbalist in istanbul, Tiirkiye. The
infusion process for each thyme sample was performed by
brewing 1.0 g of each thyme in 200 mL of boiled drinking water
for 20 minutes. Subsequently, filtration was carried out using
filter paper to separate the thyme pulp from the liquid phase,
and the samples were diluted. Then, the spiking processes were
carried out at final Ni concentrations of 10, 15, 20 and 25 pg L™
in the thyme tea samples.

2.5. Procedure for the FeSbO,-DSPE-FAAS method

The developed extraction procedure includes the adsorption of
Ni(u) ions in the sample solution with the help of NPs by
applying a mixing process and the release of Ni(u) ions from the
NP surface by adding an eluent after phase separation. Briefly,
20 mg of FeSbO, NPs and 1.0 mL of pH 7.0 buffer were added to
40 mL of the sample solution. Then, vortexing was performed
for 60 s to ensure an efficient interaction between Ni(u) and
FeSbO, NPs. The sorbent and liquid phases were separated
from each other by centrifugation, and the supernatant was
decanted. To release the Ni(u) ions transferred to the FeSbO,
surface, 100 pL of 1.0 M nitric acid was added. After phase
separation, the extraction phase was fed to the FAAS system,
and measurements were carried out.

3. Results and discussion

Optimization studies were carried out using a univariate opti-
mization approach to determine the optimum experimental
conditions for the main parameters affecting nickel extraction
efficiency, such as pH, sample volume, buffer solution volume,
sorbent amount, eluent volume/concentration and vortexing
time, with three replicate measurements and to improve the
detection power of the FAAS system. In this context, the working
ranges of variables were determined as follows: 4.0-9.0 for pH,
10-40 mL for sample volume, 1.0-2.5 mL for buffer solution

Anal. Methods
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volume, 5.0-40 mg for sorbent, 0.50-14.33 M for eluent
concentration, 75-200 pL for eluent volume, vortex, orbital
shaker and ultrasonication for mixing type and 15-90 s for
vortexing.

3.1. Characterization studies

The characterization studies were achieved by scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX) and X-ray diffraction (XRD) techniques to investigate the
morphological and crystalline structures of FeSbO, NPs. The
SEM image shown in Fig. 1a revealed that FeSbO, particles are
nanosized and have a very large surface area. The EDX quanti-
tative analysis shown in Fig. 1b demonstrated that the elements
Fe (24.95 wt%), Sb (48.82 wt%), and O (26.23 wt%) are
predominant, in accordance with the FeSbO, structure. The
XRD patterns presented in Fig. 1c were obtained at a radiation
generation setting of 40 mA and 45 kV by scanning in the
angular range of 2.0-90° of 26 with a step size of 0.013°. The
responses recorded against 26 angles were in accordance with
the characteristic peaks described for FeSbO, in comparison

200 nm

EHT =10.00kV WD =11.0 mm Mag =100.00 K X

Signal A =SFK1
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with the literature findings.***° Moreover, in the study used as
the reference for the synthesis procedure,* it was noted that the
characteristic FeSbO, patterns became more prominent with
increasing calcination temperature, supporting that the XRD
patterns presented in Fig. 1c correspond to the FeSbO,
structure.

3.2. Impact of pH and buffer volume

In adsorption-based preconcentration/separation studies, the
pH of the sample solution has a primary influence on the
surface charge of the adsorbent and the predominant form of
the analyte(s).** Moreover, as the pH of the medium approaches
the acidic region, the concentration of H;0" ions in the medium
increases; competition occurs with a certain amount of analyte
ions for active adsorption sites of the sorbent, and the ability of
target analytes to bind to the sorbent is significantly affected.*
In light of these findings, different pH values between 4.0 and
9.0 were tested to determine the optimum pH of the sample
solution. According to the results shown in Fig. 2, the mean
absorbance values showed a linear increase from pH 4.0 to pH
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(a) SEM image of FeSbO,4 NPs. (b) EDX image of FeSbO,4 NPs. (c) XRD pattern of FeSbO4 NPs.
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Fig. 2 Impact of pH on the microextraction efficiency. (Experimental

conditions: 20 mL of 0.10 mg L™ Ni(1), 1.0 mL of buffer solutions,
15 mg of FeSbO,4, 30 s of vortexing, and 200 pL of concentrated
HNO3).

7.0, reached the highest value at pH 7.0 and decreased slightly
from pH 7.0 to pH 9.0. The increase in the mean absorbance
values from the acidic to the neutral and alkaline regions is
related to the decrease in the presence of protons in the
medium. Hence, the optimum pH was selected as 7.0 for further
experiments. In the literature, Jalbani and Soylak combined
DSPE and ionic liquid-dispersive liquid microextraction to
determine Ni in chicken, fish and meat samples and reported
a high extraction efficiency for pH 7.0.** Hameed reported that
in the deep eutectic solvent (DES)-based DLLME method
developed to determine trace levels of Ni(u) in different envi-
ronmental samples, H;O" ions are located to DES functional
groups in the acidic region, while in the alkaline region, the
extraction efficiency decreases due to the precipitation of nickel
in the hydroxyl form, so the optimum solution acidity was
recorded for pH 7.0.**

Determination of the optimum buffer volume is important
both to ensure the pH stability of the solution and to prevent the
use of excess chemicals. For this purpose, a pH 7.0 buffer was
tested between 1.0 and 2.5 mL under equal conditions. The
mean absorbance values decreased after 1.0 mL. The main
reason for the decrease in extraction efficiency is that the dilu-
tion occurred when more than the required buffer was added to
the sample. Therefore, 1.0 mL was determined as the optimal
buffer volume.

3.3. Impact of sorbent amount

Determination of the amount of the sorbent material in the
extraction procedure is very important in terms of extraction
outputs and compliance with the principle of green chemistry.
Here, insufficient sorbent amounts result in lower recoveries
and extraction efficiencies due to overloading of the analyte
ion.*” On the other hand, an excessive amount of sorbent leads
to higher operating costs and waste management processes.*®
Therefore, 5.0, 10, 20, 30 and 40 mg of FeSbO, were tested under
equal conditions. The mean absorbance values depicted in
Fig. 3 increased linearly from 5.0 mg to 20 mg, and close results
were recorded for 20, 30 and 40 mg of FeSbO,. In addition, to

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Impact of FeSbO, amount on the microextraction efficiency.
(Experimental conditions: 20 mL of 100 pg L™t Ni(i), 1.0 mL of pH 7.0,
30 s of vortexing, and 200 plL of concentrated HNO3).

investigate whether nickel precipitates in the hydroxyl form
under the given conditions, the experiments were carried out
without the addition of nanoparticles, and it was determined by
absorbance-based evaluation that nickel precipitated approxi-
mately 5.0% in the hydroxyl form. Considering the high
adsorption efficiency, cost and solvent consumption for
desorption under the given experimental conditions, 20 mg of
FeSbO, was chosen as the optimum sorbent mass.

3.4. Impact of mixing type and period

The mixing process is very crucial to increase the interaction of
the components in a mixture/solution and to ensure homoge-
neity. Associated with the DSPE study, the enrichment of the
interaction between the sorbent and analyte(s) is achieved by
the application of a mixing process. For this purpose, the
highest extraction efficiency was investigated with the help of
laboratory-scale instruments, such as vortex, orbital stirrer and
ultrasonication. The extraction outputs of these methods were
compared to the extraction output without mixing, as shown in
Fig. 4. It was found that the mixing process contributed more
than 10% to the extraction efficiency and that vortex was the
optimum mixing type with high repeatability.

0.3500 1

0.3000

0.2500 -
0.2000 -
0.1500 -
0.1000 -
0.0500 -

Vortex Ultrasonication Orbital Shaker ~ No Mixing
Mixing Type

Absorbance

Fig. 4 Impact of mixing time on the microextraction efficiency.
(Experimental conditions: 20 mL of 100 pg L™ Ni(), 1.0 mL of pH 7.0,
20 mg of FeSbQ,4, and 200 plL of concentrated HNO=).
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The optimization of the mixing period is crucial to deter-
mine high extraction efficiency as well as operating cost,
applicability and time spent on a sample. To achieve this goal,
various vortexing times between 15 and 90 s were tested to
determine the optimum mixing period. The obtained mean
absorbance values were close to each other, but the highest
repeatability was recorded for 60 s with 0.60% RSD. Hence, 60 s
was chosen as the optimum vortexing period.

3.5. Impact of eluent concentration and volume

The elution process, also known as desorption, plays a major
role in the extraction process to release the analyte(s) settled on
the sorbent surface from the sample medium and to evaluate
the extraction efficiency. In the literature, it has been reported
that the concentration and volume of the eluent, as well as the
type of eluent, are very important parameters in the achieve-
ment of effective desorption efficiency and high enrichment
factors.”” Acid solutions are frequently used in the desorption
process due to their ability to generate protonation on the
surface of the sorbent material. Of these, nitric acid is suitable
for spectroscopic measurements and is an effective solvent for
the release of metal analyte(s) from the sorbent surface. First,
HNO; concentrations between 0.50 and 14.33 M were tested to
determine the ability to release Ni(u) ions from the FeSbO,
surface with high efficiency. In the recorded results, the mean
absorbance values were very close to each other for 0.50 and
5.0 M and showed a decrease for 14.33 M. A high acid concen-
tration leads to poor nebulization for the atomization unit due
to increased viscosity, which has a direct influence on the
measurement results. On the other hand, the optimum HNO;
concentration of 1.0 M was selected to ensure effective
desorption in real sample applications.

The eluent volume plays a significant role as the final volume
in determining the enrichment factor. The critical point here is
that excessive usage of the desorption solution leads to dilution
of the analyte(s), while insufficient volume leads to the failure to
release analyte ions from the surface with high efficiency. The
extraction process was performed under equal conditions to
determine the optimal eluent volume by adding different

0.9000 -
0.7500 1
8 0.6000 A
=
<
= 0.4500 -
2
S
< 0.3000 -
0.1500 1
0.0000 -
75 100 125 150 200
Eluent Volume, pLL
Fig. 5 Impact of eluent volume on the microextraction efficiency.

(Experimental conditions: 20 mL of 100 pg L~* Ni(1), 1.0 mL of pH 7.0
buffer solution, 20 mg of FeSbO,4, and 45 s of vortexing).
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volumes of 1.0 M HNO; between 75 and 200 pL. As illustrated in
Fig. 5, the highest mean absorbance value was obtained for 75
uL, and a linear decrease was recorded from 75 uL to 200 pL.
The repeatability of the measurement for 75 pL was poor for
confident results. Here, it is considered that although sufficient
feed volume was provided for the FAAS system, it is considered
that 75 pL is not adequate for the desorption of Ni(u) from the
FeSbO, NP surface for repeatable results. Hence, 100 pL was
chosen as the optimum eluent/desorption volume.

3.6. Impact of sample volume

In the extraction process, the initial and final volume ratios
theoretically provide the preconcentration factor. Therefore, the
sample volume, which can be defined as the initial volume,
directly affects the extraction efficiency.*® For this purpose, the
extraction process was carried out under equal conditions for
different sample volumes between 10 and 40 mL in 10 mL
increments. In the results shown in Fig. 6, the mean absorbance
values increased linearly from 10 mL to 40 mL, and the highest
extraction efficiency was obtained for 40 mL. Considering the
volume of the sample tube, volumes above 40 mL were not
attempted, as effective mixing could not be achieved. Therefore,
40 mL was determined as the optimum sample volume for the
developed DSPE-FAAS approach.

The summarized optimum conditions belonging to DSPE-
FAAS are illustrated in Table 1.

3.7. Assessment of the system analytical performance

Subsequent to the optimization experiments, the analytical
performance values of the developed system, including the limit
of detection (LOD)/quantification (LOQ) and linear working
range coefficient of integration (R®), were evaluated under the
optimum experimental conditions, as illustrated in Table 1. The
standard deviation of 6 replicates of the lowest concentration in
the linear operating range and the slope of the calibration plot
equation were utilized to calculate LOD and LOQ. Accordingly,
LOD and LOQ values were calculated as 3 and 10 times the ratio
of the standard deviation to the slope, respectively, and were
found to be 0.81 and 2.7 pg L', respectively. The linear

0.3500
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10 20 30 40
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Fig. 6 Impact of sample volume on the microextraction efficiency.
(Experimental conditions: 1.0 mL of pH 7.0 buffer solution, 20 mg of
FeSbQy,4, 60 s of vortexing, and 100 ulL of 1.0 M HNOs).
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Table 1 Optimal conditions for the DSPE-FAAS strategy in the pre-
concentration of nickel

Experimental parameters Optimum condition

pH and buffer volume PH 7.0/1.0 mL
Sample volume 40 mL

Mass of FeSbO, 20 mg
Vortexing duration 60 s

Eluent concentration and
volume

1.0 M of HNO3/100 pL

calibration range was determined to be between 4.0 and 40 pg
L', and R*> was 0.9934. The method achieved a good relative
standard deviation (%RSD) of 3.3% for 4.0 pg L™ ", 5.3% for 10
ug L™ and 5.1% for 30 pg L™ ". On the other hand, no analytical
signal belonging to the analyte was observed in the blank
analyses performed; only baseline noise was present. The linear
calibration plot equations for the FAAS and FeSbO,-SPME-FAAS
systems were presented asy = 0.0475x + 0.0329 and y = 6.547x +
0.0353, respectively, with a concentration based on mg L.
When the slope values were compared, the increase in sensi-
tivity was calculated to be 137.8-fold. The analytical figures of
these two systems are summarized in Table 2.

3.8. Comparison with other reported preconcentration
methods for nickel determination

Different research groups have previously conducted various
studies to determine trace levels of nickel, whose detrimental
effects on human health and the environment have been re-
ported in many studies. In 2024, Soylak et al. complexed Ni(u)
ions with 2-(5-bromo-2-pyridylazo)-5-diethylamino-phenol, fol-
lowed by a 10-fold enhancement wusing activated
nanodiamonds@Bi,WOs nanocomposite and recorded a LOD
of 1.6 pg L' in UV-vis.?”” In 2015, Wang et al. reported a 79-fold
enhancement factor for the determination of trace levels of
Ni(u) in food and environmental water samples by complexing
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with diethyldithiocarbamate and separating it with Fe;0,4.* In
the method proposed by Topuz in 2020 for the determination of
Ni(u) in environmental and pharmaceutical samples, Ni(un) and
2,6-dimethyl-morpholinedithiocarbamate ligands were com-
plexed; then, Ni(u) was preconcentrated 20-fold with 200 mg of
Amberlite XAD-4 sorbent.*® In 2019, Kojidi and Aliakbar devel-
oped a preconcentration method to determine Ni(u) at trace
levels in natural water and wastewater samples. Ni(u) ions
complexed with poly(p-aminophenol) were separated from the
matrix with 150 mg graphene oxide and enhanced 67-fold.** In
2023, Ahmed and Soylak synthesized the magnetic luffa@MOF-
199 sorbent to develop the DSPE method for the removal of
Ni(u) ions from various food and water samples. The removal
protocol using 20 mg of sorbent resulted in a 48.7-fold
improvement in detection power.** As can be observed from the
results summarized in Table 3, the developed FeSbO,-DSPE-
FAAS stands out with its features that simplify the extraction
steps and separate Ni(u) ions from the complex matrix in high
yields without any chelation. The LOD values vary depending on
the systems used, but when enrichment factors are considered,
the 137.8-fold enhancement of Ni(u) by FeSbO,-DSPE-FAAS
makes the method attractive. Moreover, additional experi-
ments by applying the extraction protocol under the same
conditions show that the FeSbO, nanoparticles may be utilized
at least twice without any structural changes.

3.9. Recovery studies

Recovery studies are an essential step in assessing the feasibility
of the developed analytical method. The measurements per-
formed on real samples at different concentrations after
applying the method steps enabled the correlation and evalu-
ation between the added and determined concentrations. The
applicability of this method was assessed using samples of
thyme tea, which is frequently consumed by people daily. For
this purpose, the thyme tea samples whose preparation proce-
dure is described in the “Preparation of Real Samples” section

Table 2 Calculated system analytical performance values of the FAAS and FeSbO,4-DSPE-FAAS methods

Method LOD, pg L " LOQ, pg L* R? Linear range, pg L™" Equation Enhancement in sensitivity
FAAS 187.2 624.0 0.9917 400-5000 y = 0.0475x + 0.0329 —

FeSbO,-DSPE-FAAS 0.81 2.7 0.9934 4.0-40 Yy = 6.547x + 0.0353 137.8

Table 3 Literature findings for determining nickel in trace levels

Sorbent System LOD, pg L™* pH Sorbent amount, mg PF* Related study
Activated nanodiamonds@Bi,WOg UV-vis 1.6 6.0 20 10 27

Fe;0, ICP-MS 0.009 8.0 30 79 49

Amberlite XAD-4 UV-vis 1.37 5.0 200 20 50

Graphene oxide UV-vis 0.70 7.0 150 67 51

Magnetic luffa@metal-organic FAAS 0.35 7.0 20 48.7 52
frameworks (MOF-199)

FeSbO, FAAS 0.81 7.0 20 137.8 This work

This journal is © The Royal Society of Chemistry 2026
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Table 4 Percentage recovery results calculated for thyme tea
matrices (n = 4)¢

Spiking concentration, Mtx. mth. cal.

pg L1 recovery + SD, %
SAMPLE A Blank Not detected

10 93.4 + 6.6

15 120.6 = 1.5

20 107.9 £ 11.5

25 118.4 + 18.0
SAMPLE Blank Not detected
B 10 109.1 £ 12.0

15 88.6 + 6.9

20 84.8 £+ 8.3

25 91.2 + 4.1

%8D: standard deviation and Mtx. Mth. Cal.: matrix matching
calibration.

were spiked to final concentrations of 10, 15, 20 and 25 pg L™".
Then, the extraction protocol was applied to both tea samples,
and the results of the spectroscopic measurements were first
evaluated according to the external calibration plot equation. It
was determined that the different components in thyme tea
suppress analytical signals and therefore cause negative inter-
ference effects. Therefore, the matrix matching calibration
method was applied to improve the accuracy and reliability of
the measurement results by minimizing matrix-associated
interference effects. For this purpose, the calibration plot
equation obtained for each sample was used to calculate the
percent recovery results from the absorbance values of different
concentrations of the other samples. The good recovery results
between 84.8% and 120.6% demonstrated the applicability of
the developed FeSbO,-DSPE-FAAS method for thyme tea
samples. The summarized recovery results are shown in Table 4.

3.10. Greenness evaluation of the developed method

The investigation of the applicability of an analytical method
developed with a focus on green chemistry is as essential as
achieving the main aims of the study. More than 20 years ago,
Anastas and Warner introduced twelve fundamental green
chemistry principles that adopt a broader view of chemical
processes to ensure sustainability in the protection of human
health and environmental resources.*® Along with the develop-
ment of technology, different evaluation tools have been
developed to assess the “green” characteristics of the reported
methods. In the “Eco-Scale” method introduced by Galuszka
et al. in 2012, an assessment is carried out on the environmental
friendliness of the relevant experimental procedures by
assigning penalty points based on the type and amount of
chemicals and reagents, the instruments, and the amount of
waste generated. Then, the net score is calculated by subtracting
the total penalty points from the initial 100 points and is pre-
sented with the corresponding environmental equivalent.* In
this context, 40 mL of sample, 1.0 mL of buffer solution,
0.10 mL of 1.0 M HNOj3, FAAS, acetylene, and <1.0 mL (g) waste
generation parameters were assigned penalty points of 2, 1, 4, 1,
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3, and 1, respectively, resulting in a total of 12 penalty points
and a greenness score of 88. Since this result was >75, it was
presented as an “excellent green method”.

4. Conclusion

A green-friendly, fast and effective method (FeSbO,-DSPE-FAAS)
for the determination of trace levels of nickel is presented in
this study. FeSbO, was synthesized in nanoscale form by
hydrothermal synthesis under laboratory conditions and
utilized as a sorbent material for the separation/
preconcentration of nickel ions from the matrix environment.
The optimization of the parameters affecting extraction effi-
ciency was achieved univariately, and an LOD of 0.81 pug L™ " was
calculated under optimal conditions. The increase in sensitivity
was found to be 137.8 times by comparing the slopes of the
calibration plot equations of the FAAS and FeSbO,-DSPE-FAAS
systems. It has been proven that FeSbO, nanoparticles can be
reused at least twice. The compatibility of the developed
method with green chemistry principles was investigated using
the Eco-Scale tool, and it was recorded as an excellent envi-
ronmentally friendly method with a greenness score of 88. The
spike experiments were carried out to investigate the
applicability/accuracy of the method developed in recovery
studies on thyme tea samples. The recovery results recorded
between 84.8% and 120.6% with the matrix matching calibra-
tion strategy supported the idea that the FeSbO,-DSPE-FAAS
method can be used for the determination of nickel with high
accuracy in thyme tea samples.
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