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Synthesis of the modified SBA-15
mesoporous silica with TAN
ligand to preconcentrate and
determine trace amounts of Ni (ll)
ions in water and wastewater
samples
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Hamid Reza Jalilian*

‘Department of Chemistry, Islamic Azad University, Gorgan, Iran, 2Department of Chemistry, Islamic
Azad University, Qaemshahr, Iran

The synthesis of modified mesoporous silica (SBA-15), a powerful and highly
effective adsorbent, was provided for the preconcentration, extraction,
separation, and determination of trace amounts of Ni (Il) ions. In this method,
SBA-15 modified with 1-(2-thiazolylazo)-2-naphthol (TAN) was used as a suitable
absorbent. The absorption of Ni (ll) ions was studied using the FAAS technique.
Transmission electron microscopy (TEM), thermogravimetric analysis (TGA),
Brunauer—Emmett—Teller (BET), energy-dispersive spectroscopy (EDS),
Fourier-transform infrared (FT-IR) spectroscopy, and CHNS elemental analysis
techniques were used to assess the characteristics of SBA-15 and TAN/SBA-15.
Effective parameters (pH, amount of nanocomposite, extraction time, and type of
recovery solvent) for extracting Ni (I1) ions via TAN/SBA-15 were investigated. The
merit figures of the method were obtained with appropriate results, such as
detection limit, accuracy, enrichment factor, and preconcentration factor. The
calibration curve was linear within the range of 5.0-50 ng mL™ with a detection
limit of 1.8 ng mL™. High preconcentration, small relative standard deviations, and
enrichment factors (approximately 100) were represented by the statistical
analysis. The proposed method for measuring Ni (II) ions was used at trace
levels in real samples, such as seawater, river water, well water, and wastewater
from a textile factory, an electrical power station, an MDF factory, and a food
industrial company, with satisfactory results.
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Introduction

Nowadays, the pollution of natural waters by heavy metals has created a high level of
concern owing to their potentially toxic impacts on living organisms. Heavy traffic,
industrial development, and urbanization contaminate waters via heavy metals (Luiz
Silva etal., 2009; Ghaedi et al., 2010; Lertlapwasin et al., 2010). Ni is a fairly toxic element

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2024.1410136&domain=pdf&date_stamp=2024-09-30
mailto:mirabi2012@yahoo.com
mailto:mirabi2012@yahoo.com
mailto:a.mirabi@qaemiau.ac.ir
mailto:a.mirabi@qaemiau.ac.ir
https://doi.org/10.3389/fchem.2024.1410136
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2024.1410136

Amouzad Mahdirajeh et al.

compared to other metals. Nickel as a water pollutant has
attracted a huge deal of attention because of its toxicity in low
concentrations. It is an essential component of some enzymes.
Tea is another fairly rich source of Ni, with 7.6 mg kg™ of dried
leaves (Templeton, 1996; Nielsen et al., 1999). The trace quantity
of nickel is toxic or essential based on its concentration range. For
example, nickel is apparently essential for appropriate liver
function based on studies on rats and chicks (genetically, the
former of which are relatively close to humans) (Manzoori and
Bavali-Tabrizi, 2003; Safavi et al., 2004; Safavi et al., 2006). Nickel
was essential to some domestic animals and plants. However, until
1975, it was not considered a biologically important metal, when
Zerner found that urease is an enzyme containing nickel (Zerner,
1991; Thauer, 2001). Inhalation of Ni and its compounds is known
to result in serious problems, such as nasopharynx, respiratory
system cancer, malignant tumors, and lung and dermatological
diseases (Templeton, 1996). Furthermore, Ni can result in a skin
disorder known as an allergic reaction and nickel eczema
(Kristiansen et al., 2000), and definite Ni compounds may be
carcinogenic (Rezaee et al., 2006). Therefore, it is vital to determine
nickel at trace levels in wastewater and water with regard to the
environment and public health (Jiang et al., 2008). Electrothermal
atomic absorption spectrometry (ET-AAS), inductively coupled
spectrometry  (ICP-AES),
absorption spectrometry (FAAS), and inductively coupled

plasma emission flame atomic
plasma-mass spectrometry (ICP-MS) are among the most usual
analytical approaches “Zachariadis et al. (2002), Koksal et al.
(2002), Cabon (2002), De Mattos et al. (2005)” for trace
determination of Ni (II) ions (Ndungu et al., 2004; Mirabi
et al., 2015). However, relatively high-cost apparatus and higher
instrumentation complexity are required by all aforementioned
approaches (except FAAS), which limit their extensive application
to routine analytical work. FAAS is widely used to determine Ni
(II) ions, owing to its friendly operation, low cost, good selectivity,
and high sample throughput (Gonzales et al., 2009). Several
difficulties exist in determining trace quantities of Ni (II) ions
in wastewater and water samples by FAAS owing to inadequate
tool sensitivity or matrix interferences. It is difficult to directly
determine very low concentration levels of nickel in numerous
environmental samples (typically ng/mL or sub-ng/mL) without
preconcentration. Hence, several preconcentration methods are
normally used before nickel measurement, including liquid-liquid
extraction (LLE), cloud-point extraction (CPE), solidified floating
organic drop microextraction (SFODME), solid-phase extraction
(SPE), floatation, and ion exchange (Rezaei and Nedjate, 2003;
Tuzen et al., 2006; Karami et al., 2008; Lemos et al., 2008; Shirani
et al., 2009; Siadati and Mirabi, 2015; Mirabi et al., 2017a; Mirabi
et al, 2018; Sadeghi et al., 2019; Bahalkeh et al., 2020;
Movaghgharnezhad et al., 2020). SPE possesses some benefits
over other preconcentration methods, including a higher
concentration factor, ease of automation, and simple usage. The
SPE method needs a powerful adsorbent. Nanomaterials can
present numerous advantages over traditional SPE sorbents, like
a short diffusion route and very large surface areas, leading to
higher efficiency and extraction capacity (Souza and Tarley, 2009;
Mirabi et al., 2017b). Abundant substances were presented and
used as SPE sorbents like Diaion HP-20 (Soylak, 2002), cellulose
(Gustavo et al., 2004), activated carbon (Ghaedi et al., 2007),
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Lewatit S 100 (Gode and Pehlivan, 2006), SDS-coated alumina
(Mirabi et al., 2016), polyurethane foam (Saced and Ahmed, 2006),
Chelex 100 (Manouchehri and Bermond, 2006), microcrystalline
naphthalene (Cesur and Bati, 2002), modified silica (Mirabi and
Hosseini, 2012), and Diaion HP-2MG (Tuzen and Soylak, 2004).
Mesoporous silica can present various advantages over traditional
SPE sorbents, like very large surface areas, selectivity, and thermal
stability, leading to higher efficiency and extraction capacity. In
this work, the analytical potential of SBA-15 mesoporous silica was
investigated, modified with 1-(2-thiazolylazo)-2-naphthol (TAN)
as an adsorbent (to separate and preconcentrate trace amounts of
nickel ions). This technique is explained in detail in the
experimental section. It was used for measuring nickel ions in
wastewater and natural water samples.

Materials and methods
Reagents and apparatus

Ethanol, nickel (II) nitrate, Pluronic P123, sodium hydroxide,
and tetraethyl orthosilicate of analytical grade were bought from
Merck. To prepare the nickel stock solution (1000.0 mg L),
suitable quantities of nickel (II) nitrate hexahydrate (99.9%) were
dissolved in the ultrapure water. The stock solution was used in
serial dilutions with ultrapure water to make working solutions.
TAN was provided as a surface modifier (ligand) by Sigma
Aldrich. To adjust pH and precipitate nanocomposite, a
Metrohm 744 pH Meter and centrifuge were utilized,
respectively. Ni (II) ions concentration was measured via a
Thermo FAAS (Model: M5) (lamp 15 mA;
monochromator spectral band pass, 0.1 nm; burner head =

current,

50 mm; acetylene and air-flow rates: 0.8 and 10.0 L min’,
respectively). The diameter of the fibers was determined using
an HF2000 (Hitachi) Transmission Electron Microscope. The
surface area was evaluated using the Brunauer-Emmett-Teller
(BET) technique via Quanta Chrome (Chem BET 300 TPR/
TPD). For elemental analysis of nanocomposites, energy-
dispersive X-ray spectroscopy (EDS) was carried out using
the Mira 3-XMU tool. To prove surface functionalization,
elemental analysis CHNS (Costech ECS4010, Italy), Fourier-
transform infrared (FT-IR) (Agilent Resolutions pro), and
(TGA)
utilized. To produce SBA-15, Whatman #1 filter paper was

thermogravimetric analysis devices (Bahr) were

utilized as a starting material.

SBA-15 nanoparticle preparation

SBA-15 was synthesized via a known process (Yu et al., 2002)
using a combination of triblock copolymer, EO20PO70EO20
(Pluronic P123, BASF) (0.02 mol), HCI (6 mol), tetraethyl
orthosilicate (TEOS, 98%, Acro) (1 mol), H,O (166 mol), and
KCI (1.5 mol). Approximately 12 g of P123 was dissolved in a
combination of distilled water (375.6 g) and concentrated HCl
(74.4 g) at 38°C by adding 16.5 g of KCI. Then, TEOS (31.5 g) was
inserted into the solution while stirring vigorously for 8 min. For
24 h, the mixture was statically kept at the same temperature and
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then moved to Teflon-lined autoclaves and kept for another 24 h
in an oven at 130°C. The solid was recovered by filtration and
rinsed with water. Then, by refluxing with an EtOH solution, the
surfactant was extracted via a Soxhlet extractor for 36 h. The
gained SBA-15 was dried at 100°C overnight.

Modification of the TAN/SBA-15

After adding 2.0 g TAN and 4.7 g tosyl chloride to ethanol
(50 mL), the mixture was put in an ice bath at 5°C and mixed for
45 min. Next, the mixture was stirred for 48 h at 25°C. Stripping
off the ultimate precipitated sample using a paper filter, it was
rinsed with distilled water and ethanol several times and dried
for 1 week at 50°C to create TAN-tosylate. A measure of 1.0 g of
TAN-tosylate, 40 mL of ethanol, and 3.0 g of SBA-15 were put
under reflux conditions for 24 h at 80°C. The precipitate was
then gathered using a paper filter and rinsed several times.
Hence, a lack of unreacted reagent was ensured on the sample
surface. Until the spectrometer showed no peak for TAN-
tosylate absorption, the washing procedure was continued at
its Apnax. Therefore, no unreacted TAN-tosylate was found on the
sample surface. Next, the sample was dried for 1 week at 50°C.
Figure 1 shows the reactions for the surface modification of
SBA-15.

Extraction mechanism

The mechanism of extraction involves the formation of a
chemical bond between Ni (II) ion and SBA-15/TAN. The Ni
(IT) ion, on one hand, forms a coordinate covalent bond with a
nitrogen atom that has a double bond, and on the other hand, the
Ni (IT) ion should be coordinated with a heteroatom that facilitates
electron loss. Sulfur is a better heteroatom because, first, its

HO
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T
i
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o
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FIGURE 1
Preparation of TAN/SBA-15.
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electronegativity is lower, and second, while the valence
electrons of nitrogen are in 2P orbitals, the valence electrons of
sulfur are in 3P orbitals, which are farther from the nucleus and
easier to lose.

General procedure of extraction

After the addition of 0.05 g of the nanocomposite to a
solution (100 mL) comprising 100 ng mL" Ni (II) ions,
extraction was performed. Here, a buffer solution (2.0 mL,
acetic acid/sodium acetate) with pH = 6 was added to the
mixture. The complete mixture was mixed in a shaker at room
temperature for 10 min for the adsorption of Ni (II) ions on the
nanocomposite. Then, centrifuging the solution was performed
for 5 min at 4,500 rpm for phase separation. After overflowing the
upper solution, the sample was eluted by dissolving Ni (II) ions
adsorbed on the precipitated sorbent with 1.0 mL HNO;
(0.2 mol L"). After adding HNO; and shaking the mixture
for 5 min, the solution was re-centrifuged (for 10 min at
5,500 rpm). Finally, the Ni (II) ion concentration was
measured by FAAS.

Results and discussion

Characterizing SBA-15 and TAN/SBA-15

It is clear that the active sites and effective surface area are
provided by the synthesis of SBA-15 mesoporous silica in nanoscale
to functionalize by chemical reagents. According to BET analysis for
SBA-15, the specific surface area of SBA-15 is 364.2 m?/g, which
decreases to 327.5 m*/g, followed by surface modification. As stated
in the former section, the solid-phase extraction orients the
preconcentration of Ni (II) ions through adsorption over the

Ethanol e
< 1
¢
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Weight of nanocomposite for analysis: 58.14 mg
FIGURE 2

Results of CHNS elemental analysis.

modified SBA-15 active sites. Hence, high surface area and porous
structure are satisfactory parameters for better adsorption. The
details of the BET technique for the prepared modified SBA-15
represent a more precise surface area than for the modified SBA-15
samples in the literature (Khanjari et al., 2018).

Using elemental analysis CHNS, the types of elements in the
nanocomposite were distinguished along with the element ratio
within the sample. The existence of TAN ligand on SBA-15 was
confirmed through CHNS analysis. Figure 2 shows that the
nanocomposite contains the N, C, and S elements associated with
TAN in the ratios mentioned. As Si, H, and O elements exist in SBA-
15 along with N, C, and S in the nanocomposite, TAN is fixed over
SBA-15.

Using FT-IR, the bond formation between TAN and SBA-15 is
confirmed (Figure 3). Comparing the FT-IR spectra of SBA-15 with
TAN/SBA-15, the immobilization of TAN ligand on SBA-15 is
significantly recognized. The broad absorption band at 3,418 cm™ is
associated with the OH group’s stretching vibration over the SBA-15
surface. The absorption band at 2,906 cm™ is allocated to the CH
bond symmetric stretching vibration. The absorption band at
1451 cm™ is related to the C-H bond vibration of the CH,
group, while the absorption band at 1084 cm™ represents the Si-
O bond of SBA-15 (Figure 3A). The peaks of N=N bond at 1511 cm’
', C-Nbond at 1203 cm™', C=C bond at 1620 cm™', and C-O bond at
1374 cm™ can be found in the FT-IR spectra of TAN/SBA-15
(Figure 3B), leading to the TAN attachment to the SBA-15. After
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the extraction, absorption bands at 679 cm ™' and 722 cm! are related
to the vibration of S-Ni and S-Ni bonds of SBA-15/TAN/Nj,
respectively (Figure 3B).

The thermogravimetric study of TAN/SBA-15 was performed to
assess the nanocomposite stability and the existence of organic
groups in the material (Figures 4A, B). Approximately 10.65 mg
of SBA-15 and 13.49 mg of TAN/SBA-15 were heated at 20 “C/min
in an argon atmosphere. The existing water and TAN ligand are
responsible for weight loss of 7.04% at approximately 95°C
(Figure 4A) and weight loss (17.20%) between 480°C and 530°C
(Figure 4B), respectively. A small weight and continuous loss are
observed at T > 550°C, associated with the combustion of residual
organic material. As observed, the TAN structure has less thermal
stability than the structure of nanocomposites.

These findings are in line with the results of the EDS analysis. EDS
analysis of TAN/SBA-15 (Figure 5) represents the presence of C, S,
and N atoms, indicating that TAN is bonded to the external surface of
SBA-15 and confirming the good purity of the sample. Moreover, Ni
(II) ions are demonstrated in Figure 5 chelated by TAN ligand in the
nanocomposite, followed by the adsorption experiment.

The SBA-15 meso cavity contains holes with a completely
identical arrangement and a regular 6-sided 2D arrangement. A
structural pattern is observed with a certain order (Figure 6),
associated with the TEM images for SBA-15. The cavity size in
the structure is approximately 25-30 nm. It is proved that the
synthesized SBA-15 has nanoscale dimensions.
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FIGURE 3
FT-IR spectrum of SBA-15 (A), SBA-15/TAN nanocomposite (B), and SBA-15/TAN/Ni (C).
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FIGURE 4
TGA of SBA-15 (A) and nanocomposite (B).
Improvement of the extraction stage Effects of pH
The effects of some parameters were also studied on The effects of pH on Ni (II) ion extraction were studied at
preconcentration and  extraction. In all experimental pH values of 3.0-10.0 while keeping other parameters constant
circumstances, the concentration of Ni (II) ions was 100 ng mL".  (Figure 7). As the pH of the solution increases, the recovery of Ni
05 frontiersin.org
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FIGURE 5

EDS spectrum of TAN/SBA-15.

(II) improves, with effective recovery obtained at a pH of 5.0-7.0.
At lower pH values, the nanocomposite’s surface seems to have a
positive charge caused by protonation. Hence, the electrostatic
adsorbent between the Ni (II) ions and nanocomposite decreased,
resulting in the maximum amount of absorption in a mild acidic
solution. At higher pH values, recovery is reduced, probably
owing to the nickel hydroxide formation. Thus, by adding the
acetate/acetic acid buffer solution, further extraction was
conducted at pH 6.0.

Effect of the amount of nanocomposites

The nanocomposite sorbents usually have a larger surface
than usual sorbents (Mirabi et al.,, 2017b). Hence, a more
desirable outcome could be obtained by utilizing fewer
amounts of nanocomposite sorbents. The effect of several
quantities of nanosorbents (SBA-15 and TAN/SBA-15) on the
amount of nickel ion sorption was studied on the 10-70 mg scale.
Figure 8 shows that using a higher amount than 50 mg of the
modified SBA-15 nanocomposite surfaces could lead to a higher
amount of nickel ion recovery. Hence, 50 mg was chosen as the

10.3389/fchem.2024.1410136

optimum concentration of this sorbent. Moreover, good
efficiency was not represented by purely SBA-15 when applied
separately.

Influence of extraction time

A good adsorbent achieves preconcentration in a short time.
Hence, the rate of Ni (II) ion adsorption by modified
nanocomposites was investigated with 0.05 g of the TAN/SBA-
15 over a series of various shaking times (5-20 min). According to
Figure 9, the absorbance of the Ni (II) ions showed no considerable
variation after 10 min. Therefore, for further studies, the
extraction time of 10 min was chosen. The ligand could create
more complexes with nickel ions by increasing the time.
Nevertheless, ion desorption is possible over a longer period,
thus slightly reducing the extraction percentage.

Effect of the eluting solution condition

A higher enrichment factor is obtained using an appropriate
eluent. Hence, various experiments were used to select a proper
solvent for the desorption of Ni (II) ions from the modified
nanocomposites. The Ni (II) ions were desorbed with diverse
concentrations (0.1-0.5 mol L) of 1.0 mL of various acids. The
results showed (Table 1) that HNO; 0.2 mol L achieved the
quantitative elution of the target analyte chelated with TAN.
Therefore, we have chosen 1.0 mL of HNO; (0.2 mol L) as the
solvent for Ni (II) ion desorption.

Nanocomposite ability for reusing

Adsorbent reusability is a key factor in analytical approaches.
For absorption, the adsorption capability was assessed several
times. It was indicated that TAN/SBA-15 can be utilized,
followed by solvent recovery in the Ni (II) ion extraction
process. The procedure was replicated consecutively, with a

-—
-

- - -
-

-
F W30mm
ERSESEE

F

FIGURE 6
TEM image of SBA-15.
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FIGURE 7
Effect of pH on Ni (II) ion extraction. Extraction circumstances: amount of nanocomposite, 50 mg; eluent type, nitric acid (0.2 M); extraction time,

10 min; recovery time, 5.0 min.
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The amount of nonosorbent (mg) Extraction time effect on Ni (Il) ion extraction. Extraction
conditions: pH value, 6.0; eluent type, nitric acid (0.2 M); amount of
FIGURE 8 o ) nanocomposite, 50 mg; and recovery time, 5.0 min.
Effects of amount of nanosorbents on Ni (ll) ion extraction.

Extraction conditions: pH value, 6.0; eluent type, nitric acid (0.2 M);
extraction time, 10 min; recovery time, 5.0 min.

TABLE 1 Effects of concentration and type of eluent on extraction.
Extraction conditions: pH value, 6.0; extraction time, 10 min; amount of
nanocomposite, 50 mg; and recovery time, 5.0 min.

reduction in the extraction percentage (86.6%) from the order of Eluent Concentration (mol L) Extraction (%)
3 onwards and a maximum extraction percentage (96.3%- Hal o1 434
93.6%). The extraction reduction happens owing to 0.2 87.2
nanocomposite particle loss during elution, irreversible/strong 05 92.0
interactions between Ni (II) ions and TAN ligand, and releasing HNO, 0.1 893
the TAN ligand grafts. Hence, the adsorbent can be utilized three 02 95.3
times successively for extracting the Ni (II) ions. 05 954
H,S0,4 0.1 79.7
02 738
Effect of foreign ions 03 79
CH,COOH 0.1 513
Matrix interference is the main limitation to the FAAS method g'é 2;'2

to determine heavy metal ions. The effects of some ions on the
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TABLE 2 Effects of some foreign ions on Ni (l) ion recovery.

Interfering Added Interference/Ni Recovery
as (1) (%)
(weight ratio)
Na* NaNO; 500 974+ 1.6
Ca?" Ca(NO;3), 500 96.5 + 1.3
cu? CuCl, 100 98.1 + 0.9
Ag' AgNO; 50 959 + 1.4
Mn>* MnCl, 50 96.5 + 1.5
Zn*t ZnS0, 40 972+ 1.7
Pb*" PbSO, 30 98.1 + 0.8
Co* Co(NO3)s 30 963 + 13
Hg* HgCl, 30 955 + 1.6
Fe?* FeSO, 30 972+ 1.9
AP ALy (SO.)s 20 96.4 + 1.2
Cr’* Cr(NO3); 20 95.8 + 1.5
NO* NaNO; 500 98.2 + 0.9
ar NaCl 200 97.6 + 1.3
Neo¥a NaSO,> 200 97.1 + 1.4

TABLE 3 Analytical properties of the presented technique.

Parameter Analytical feature

Linear range (ng mL™") 5.0-500

Regression equation y = 0.0018 X + 0.0051

Correlation coefficient (R?) 0.9998
Detection limit (ng mL") 1.8

Repeatability (%) 1.0-2.9

Intermediate precision (%) 1.7-4.2
Preconcentration factor 100
Enrichment factor 100

recovery of the analyte ions were studied at different concentrations.
For Ni (II) ions, the extraction (100 mL) of solutions comprising
100 ng mL" of Ni (II) ions and different quantities of interfering
ions was studied (Table 2). According to the results, there is a
tolerance limit of < + 5%. Thus, the recovery of Ni (II) ion extraction
is not affected by the existence of foreign ions via TAN/SBA-15. The
reason is that the ligand functions as a selective sorbent for nickel
ions, and a nickel lamp is utilized as an atomic absorption tool.
Hence, it can be selective largely for nickel ions.

Validating the technique

Using the suitability values for each technique, the efficiency
is compared with other similar approaches (Table 3). The

Frontiers in Chemistry

10.3389/fchem.2024.1410136

a

0.8
g
Z06
£
2
S b

04 1 y=0.0018x+00051

R?=0.9998
035
02

0 T T T T 1
0 100 200 300 400 500

0 100 200 300 400 500 600
Concentration of Ni (II) ions (ng/mL)

FIGURE 10
Calibration curve (A) and its linear range at lower
concentrations (B).

calibration curve has a linear dynamic range (LDR) of
5.0-500 ng mL"' and a limit of detection (LOD) of 1.8 ng mL
! (Figure 10). Moreover, to obtain a preconcentration factor
(PCF) of 100, a sample volume ratio of 100 mL was
considered, with a disintegration solvent volume (1 mL), and
100) was derived from the
concentration ratio of the Ni (II) ions, followed by the

the enrichment factor (EF =

extraction to the pre-extraction concentration. The extraction
percentage is approximately 100, and the values of EF and PCF
are approximately cases, like the

equivalent in some

present work.

Using the technique

The capability of the presented technique for complex
matrix intolerance was investigated using this technique for
measuring Ni (II) ions in wastewater and natural water
specimens. The accuracy of the technique was verified using
the standard increase technique (Table 4). As observed, the
method’s extraction efficiency was not highly affected by the
complex matrices.

Comparison with other approaches

A comparison was made between the presented technique
and the different approaches used presently to preconcentrate
and measure Ni (II) ions (Table 5). Comparing the suitability
of the proposed technique with other approaches indicated a
lower LOD
this technique.

and a higher preconcentration factor for

Conclusion

SPE appears to be a powerful technique for preparing
specimens. TAN/SBA-15 is utilized as a solid phase in the
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TABLE 4 Determination of Ni (lIl) ions in real specimens.

Spiked ng/mL

10.3389/fchem.2024.1410136

Found ng/mL Recovery% (n = 3)

Tap water (from the drinking water system of Behshahr, Iran) — 7.1 —
100 104.0 97.1 (£1.9)

Sea water (Caspian sea, Iran) — 75.6 —
100 168.4 95.9 (£2.8)

River water (Telar River, Qaem Shahr, Iran) — 94.8 —
100 190.1 97.6 (£2.6)

Well water (Behshahr, Iran) — 11.5 —
100 109.8 98.5 (£3.1)

Wastewater from the Acrytab Textile Factory (Behshahr, Iran) — 19.7 —
100 121.1 101.2 (£2.6)

Wastewater from the Behpak Industrial Company (Behshahr, Iran) — 235 —
100 120.2 97.3 (£3.3)

Wastewater from the electrical power station (Naka, Mazandaran, Iran) — 65.1 —
100 158.0 95.7 (+2.8)

Wastewater from the MDF factory (Arian chemistry company, Sari, Iran) — 837 —
100 177.8 96.8 (+2.6)

TABLE 5 Comparison of the present study with former reports.

Adsorbent Sample LOD (ng PCF Reference
volume (mL)
mMWCNT@PADAP 20 7.1 5 Tobacco Soylak et al. (2022)
Fe;0,@Diaion@PADAP — 15.0 100 CRM Soylak et al. (2023)
(Zn-Al LDH)-(PTh/DBSNa)-Fe;0, 10 1.3 40 Beef, fish meat, hen, orange plant, apple Rajabi et al. (2020)
plant, and banana plant
Fe;0,@SiO,@polypyrrole 750 12 — Seafood mix Abolhasani et al.
(2015)
Magnetite coated with cationic surfactant 100 3.9 100 Water and herbal ervas Mirabi et al. (2015)
sodium dodecyl sulfate
TAN/SBA-15 100 1.8 100 Natural water and wastewater This work

mMWCNT: magnetic multiwalled carbon nanotubes; PADAP: 2-(5-bromo-2-pyridylazo)-5-diethylamino-phenol; (Zn-Al LDH)-(PTh/DBSNa)-Fe;0,: Zn-Al-layered double hydroxide (Zn-
Al LDH) combined with polythiophene (PTH)/sodium dodecyl benzene sulfonate (DBSNa) and Fe;O.4; PCF:,preconcentration factor; LOD, limit of detection; CRM, certified reference material.

SPE technique. Using SBA-15 modified with a TAN ligand to
extract Ni (II) ions from the solution increases the absorption
capacity, thereby selectively absorbing Ni (II) ions. In the
present work, the samples were analyzed using flame atomic
absorption spectrometry, demonstrating that the technique is
simple and possesses minimal properties. It was revealed that
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the modified nano-adsorbent has a higher sensitivity for
measuring Ni (II) ions in lower concentrations. Moreover, it
is highly effective in analyzing wastewater and natural water
samples. The proposed SPE technique possesses a wide linear
range, small RSD, high preconcentration factor, low LOD, and
high enrichment factor.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1410136

Amouzad Mahdirajeh et al.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary Material; further inquiries can be directed
to the corresponding author.

Author contributions

TA: writing-original draft. AM: data
curation, formal analysis, funding acquisition, investigation,

conceptualization,

methodology, project administration, resources, software,

supervision, validation, visualization, writing—original draft, and
writing-review and editing. MH: writing-original draft. RZ:
writing-original draft. HJ: writing-original draft.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

Abolhasani, J., Khanmiri, R. H., Ghorbani-Kalhor, E., Hassanpour, A,
Asgharinezhad, A. A., Shekari, N,, et al. (2015). An Fe304 @SiO 2 @polypyrrole
magnetic nanocomposite for the extraction and preconcentration of Cd(ii) and Ni(ii).
Anal. Methods. 7 (1), 313-320. doi:10.1039/C4AY01991A

Bahalkeh, F., Habibi juybari, M., Zafar Mehrabian, R., and Ebadi, M. (2020).
Removal of brilliant red dye (brilliant red E-4BA) from wastewater using novel
chitosan/SBA-15 nanofiber. Int. J. Biol. Macromol. 164, 818-825. doi:10.1016/j.
ijbiomac.2020.07.035

Cabon, J. Y. (2002). Determination of Cd and Pb in seawater by graphite furnace
atomic absorption spectrometry with the use of hydrofluoric acid as a chemical
modifier. Spectrochim. Acta Part B 57 (3), 513-524. doi:10.1016/S0584-8547(02)
00005-8

Cesur, H., and Bati, B. (2002). Solid-phase extraction of copper with lead 4-
benzylpiperidinedithio-carbamate on  microcrystalline naphthalene and its
spectrophotometric determination. Turk J. Chem. 26 (4), 599-606. Available at:
https://journals.tubitak.gov.tr/chem/vol26/iss4/18.

De Mattos, J. C. P., Nunes, A. M., Martins, A. F,, Dressler, V. L., and De Moraes-
Flores, E. M. (2005). Influence of citric acid as chemical modifier for lead
determination in dietary calcium supplement samples by graphite furnace atomic
absorption spectrometry. Spectrochim. Acta Part B 60 (5), 687-692. doi:10.1016/j.sab.
2005.02.027

Ghaedi, M., Niknam, K., Taheri, K., Hossainian, H., and Soylak, M. (2010).
Flame atomic absorption spectrometric determination of copper, zinc and
manganese after solid-phase extraction using 2,6-dichlorophenyl-3,3-
bis(indolyl)methane loaded on Amberlite XAD-16. Food Chem. Toxicol. 48,
891-897. doi:10.1016/j.fct.2009.12.029

Ghaedi, M., Shokrollahi, A., and Ahmadi, F. (2007). Simultaneous preconcentration
and determination of copper, nickel, cobalt and lead ions content by flame atomic
absorption spectrometry. J. Hazard Mater 142, 272-278. doi:10.1016/j.jhazmat.2006.
08.012

Gode, F., and Pehlivan, E. (2006). Removal of chromium (III) from aqueous solutions
using Lewatit S 100: the effect of pH, time, metal concentration and temperature.
J. Hazard Mater 136 (2), 330-337. doi:10.1016/j.jhazmat.2005.12.021

Gonzales, A. P. S., Firmino, M. A,, Nomura, C. S, Rocha, F. R. P,, Oliveira, P. V.,
and Gaubeur, I. (2009). Peat as a natural solid-phase for copper preconcentration
and determination in a multicommuted flow system coupled to flame atomic
absorption spectrometry. Anal. Chim. Acta 636 (2), 198-204. doi:10.1016/j.aca.
2009.01.047

Gustavo, R. de C,, Ilton, L. de A., Paulo dos Santos, R., Bozano, D. d. F., Padilha, P. d.
M., Florentino, A. d. O, et al. (2004). Synthesis, characterization and determination of
the metal ions adsorption capacity of cellulose modified with p-aminobenzoic groups.
Mater. Res. 7 (2), 329-334. doi:10.1590/S1516-14392004000200018

Jiang, H., Qin, Y., and Hu, B. (2008). Dispersive liquid phase microextraction
(DLPME) combined with graphite furnace atomic absorption spectrometry

Frontiers in Chemistry

10

10.3389/fchem.2024.1410136

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/
full#supplementary-material

(GFAAS) for determination of trace Co and Ni in environmental water and rice
samples. Talanta 74 (5), 1160-1165. doi:10.1016/j.talanta.2007.08.022

Karami, H., Ghaedi, M., Shokrollahi, A., Rajabi, H. R., Soylak, M., and Karami, B.
(2008). Development of a selective and sensitive flotation method for determination of
trace amounts of cobalt, nickel, copper and iron in environmental samples. J. Hazard.
Mater. 151, 26-32. doi:10.1016/j.jhazmat.2007.05.051

Khanjari, Z., Mirabi, A., Rad, A. S., and Moradian, M. (2018). Selective removal of
cadmium ions from water samples by using Br-PADAP functionalized SBA-15
particles. Desalin Water Treat. 130, 172-181. doi:10.5004/dwt.2018.22971

Koksal, J., Synek, V., and Janos, P. (2002). Extraction-spectrometric determination of
lead in high-purity aluminium salts. Talanta 58 (2), 325-330. doi:10.1016/S0039-
9140(02)00247-3

Kristiansen, J., Cristensen, J. M., Henriksen, T., Nielsen, N. H., and Menne, T. (2000).
Determination of nickel in fingernails and forearm skin (stratum corneum). Anal.
Chim. Acta. 403, 265-272. doi:10.1016/S0003-2670(99)00568-1

Lemos, V. A,, Santos, M. S., David, G. T., Maciel, M. V., and Bezerra, M. A. (2008).
Development of a cloud-point extraction method for copper and nickel determination
in food samples. J. Hazard. Mater. 159, 245-251. doi:10.1016/j.jhazmat.2008.02.011

Lertlapwasin, R., Bhawawet, N., Imyim, A., and Fuangswasdi, S. (2010). Ionic liquid
extraction of heavy metal ions by 2-aminothiophenol in 1-butyl-3-methylimidazolium
hexafluorophosphate and their association constants. Sep. Purif. Technol. 72, 70-76.
doi:10.1016/j.seppur.2010.01.004

Luiz Silva, E., Santos Roldan, P., and Fernanda Gine, M. (2009). Simultaneous
preconcentration of copper, zinc, cadmium, and nickel in water samples by cloud
point extraction using 4-(2-pyridylazo)-resorcinol and their determination by
inductively coupled plasma optic emission spectrometry. J. Hazard. Mater. 171,
1133-1138. doi:10.1016/j.jhazmat.2009.06.127

Manouchehri, N., and Bermond, A. (2006). Study of trace metal partitioning between
s0il-EDTA extracts and Chelex-100 resin. Anal. Chim. Acta 557, 337-343. doi:10.1016/j.
aca.2005.10.038

Manzoori, J. L., and Bavali-Tabrizi, A. (2003). Cloud point preconcentration and
flame atomic absorption spectrometric determination of cobalt and nickel in water
samples. Microchim. Acta 141, 201-207. doi:10.1007/s00604-002-0945-1

Mirabi, A., and Hosseini, S. N. (2012). Use of modified nanosorbent materials for
extraction and determination of trace amounts of copper ions in food and natural water
samples. Trends Appl. Sci. Res. 7, 541-549. doi:10.3923/tasr.2012.541.549tasr.2012.
541.549

Mirabi, A., Rad, A. S., and Abdollahi, M. (2017a). Preparation of modified MWCNT
with dithiooxamide for preconcentration and determination of trace amounts of cobalt
ions in food and natural water samples. ChemistrySelect 2 (16), 4439-4444. doi:10.1002/
slct.201700521

Mirabi, A., Rad, A. S., Divsalar, F., and Karimi-Maleh, H. (2018). Application of SBA-
15/diphenyl carbazon/SDS nanocomposite as solid-phase extractor for simultaneous

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1410136/full#supplementary-material
https://doi.org/10.1039/C4AY01991A
https://doi.org/10.1016/j.ijbiomac.2020.07.035
https://doi.org/10.1016/j.ijbiomac.2020.07.035
https://doi.org/10.1016/S0584-8547(02)00005-8
https://doi.org/10.1016/S0584-8547(02)00005-8
https://journals.tubitak.gov.tr/chem/vol26/iss4/18
https://doi.org/10.1016/j.sab.2005.02.027
https://doi.org/10.1016/j.sab.2005.02.027
https://doi.org/10.1016/j.fct.2009.12.029
https://doi.org/10.1016/j.jhazmat.2006.08.012
https://doi.org/10.1016/j.jhazmat.2006.08.012
https://doi.org/10.1016/j.jhazmat.2005.12.021
https://doi.org/10.1016/j.aca.2009.01.047
https://doi.org/10.1016/j.aca.2009.01.047
https://doi.org/10.1590/S1516-14392004000200018
https://doi.org/10.1016/j.talanta.2007.08.022
https://doi.org/10.1016/j.jhazmat.2007.05.051
https://doi.org/10.5004/dwt.2018.22971
https://doi.org/10.1016/S0039-9140(02)00247-3
https://doi.org/10.1016/S0039-9140(02)00247-3
https://doi.org/10.1016/S0003-2670(99)00568-1
https://doi.org/10.1016/j.jhazmat.2008.02.011
https://doi.org/10.1016/j.seppur.2010.01.004
https://doi.org/10.1016/j.jhazmat.2009.06.127
https://doi.org/10.1016/j.aca.2005.10.038
https://doi.org/10.1016/j.aca.2005.10.038
https://doi.org/10.1007/s00604-002-0945-1
https://doi.org/10.3923/tasr.2012.541.549tasr.2012.541.549
https://doi.org/10.3923/tasr.2012.541.549tasr.2012.541.549
https://doi.org/10.1002/slct.201700521
https://doi.org/10.1002/slct.201700521
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1410136

Amouzad Mahdirajeh et al.

determination of Cu (II) and Zn (II) ions. Arab. J. Sci. Eng. 43, 3547-3556. doi:10.1007/
s13369-017-3025-x

Mirabi, A., Rad, A. S, Jamali, M. R, and Danesh, N. (2016). Use of modified y-
alumina nanoparticles for the extraction and preconcentration of trace amounts of
cadmium ions. Aust. J. Chem. 69 (3), 314-318. doi:10.1071/CH15391

Mirabi, A., Rad, A. S., Khanjari, Z., and Moradian, M. (2017b). Preparation of SBA-
15/graphene oxide nanocomposites for preconcentration and determination of trace
amounts of rutoside in blood plasma and urine. Sens. Actuators B Chem. 253, 533-541.
doi:10.1016/j.snb.2017.06.187

Mirabi, A., Shokouhi-Rad, A., and Nourani, S. (2015). Application of modified
magnetic nanoparticles as a sorbent for preconcentration and determination of
nickel ions in food and environmental water samples. Trac. Trends Anal. Chem. 74,
146-151. doi:10.1016/j.trac.2015.06.007

Movaghgharnezhad, S., Mirabi, A., Toosi, M. R., and Rad, A. S. (2020). Synthesis of
cellulose nanofibers functionalized by dithiooxamide for preconcentration and
determination of trace amounts of Cd (II) ions in water samples. Cellulose 27,
8885-8898. doi:10.1007/s10570-020-03388-z

Ndungu, K., Hibdon, S., and Flegal, A. R. (2004). Determination of lead in vinegar by
ICP-MS and GFAAS: evaluation of different sample preparation procedures. Talanta 64
(1), 258-263. doi:10.1016/j.talanta.2004.02.017

Nielsen, G. D., Soderberg, U., Jorgensen, P. J., Templeton, D. M., Rasmussen, S. N.,
Andersen, K. E,, etal. (1999). Absorption and retention of nickel from drinking water in
relation to food intake and nickel sensitivity. Toxicol. Appl. Pharmacol. 154, 67-75.
doi:10.1006/taap.1998.8577

Rajabi, M., Abolhosseini, M., Hosseini-Bandegharaei, A., Hemmati, M., and Ghassab,
N. (2020). Magnetic dispersive micro-solid phase extraction merged with micro-
sampling flame atomic absorption spectrometry using (Zn-Al LDH)-(PTh/DBSNa)-
Fe304 nanosorbent for effective trace determination of nickel(IT) and cadmium(II) in
food samples. Microchem J. 159, 105450. Article 105450. doi:10.1016/j.microc.2020.
105450

Rezaee, M., Assadi, Y., Milani Hosseini, M. R., Aghaee, E., Ahmadi, F., and
Berijani, S. (2006). Determination of organic compounds in water using dispersive
liquid-liquid microextraction. J. Chromatogr. A 1161, 1-9. doi:10.1016/j.chroma.
2006.03.007

Rezaei, K., and Nedjate, H. (2003). Diluent effect on the distribution ratio and
separation factor of Ni(II) in the liquid-liquid extraction from aqueous acidic solutions
using dibutyl dithiophosphoric acid. Hydrometallurgy 68, 11-21. doi:10.1016/S0304-
386X(02)00168-8

Sadeghi, M. M., Rad, A. S., Ardjmand, M., and Mirabi, A. (2019). Functionalization of
SBA-15 by dithiooxamide towards removal of Co (II) ions from real samples: isotherm,
thermodynamic and kinetic studies. Adv. Powder Technol. 30 (9), 1823-1834. doi:10.
1016/j.apt.2019.05.028

Saeed, M. M., and Ahmed, R. (2006). Temperature effected sorption of europium(III)
onto 1-(2-pyridylazo)-2-naphthol impregnated polyurethane foam. J. Radioanal. Nucl.
Chem. 267, 147-153. doi:10.1007/s10967-006-0021-0

Safavi, A., Abdollahi, H., Hormozi-Nezhad, M. R., and Kamali, R. (2004). Cloud point
extraction, preconcentration and simultaneous spectrophotometric determination of
nickel and cobalt in water samples. Spectrochim. Acta A Mol. Biomol. Spectrosc. 60 (12),
2897-2901. doi:10.1016/j.saa.2004.02.001

Frontiers in Chemistry

11

10.3389/fchem.2024.1410136

Safavi, A., Iranpoor, N., Saghir, N., and Momeni, S. (2006). Glycerol-silica gel: a new
solid sorbent for preconcentration and determination of traces of cobalt (II) ion. Anal.
Chim. Acta 569, 139-144. doi:10.1016/j.aca.2006.03.079

Shirani, M., Dadfarnia, S., and Haji Shabani, A. M. (2009). Solidified floating
organic drop microextraction (SFODME) for simultaneous separation/
preconcentration and determination of cobalt and nickel by graphite furnace
atomic absorption spectrometry (GFAAS). J. Hazard Mater. 166 (1), 291-296.
doi:10.1016/j.jhazmat.2008.11.052

Siadati, S. A., and Mirabi, A. (2015). Diels-Alder versus 1,3-dipolar cycloaddition
pathways in the reaction of C20 fullerene and 2-furan nitrile oxide. Prog. Reac Kinet.
Mec. 40, 383-390. doi:10.3184/146867815X14413752286065

Souza, J. M. O., and Tarley, C. R. T. (2009). Sorbent separation and
enrichment method for cobalt ions determination by graphite furnace atomic
absorption spectrometry in water and urine samples using multiwall carbon
nanotubes. Int. J. Environ. Anal. Chem. 89, 489-502. doi:10.1080/03067310802617602

Soylak, M. (2002). Nickel determination in samples with high salt content by atomic
absorption spectrometry after enrichment/separation on Diaion HP-20. Quim Anal. 20,
175-179.

Soylak, M., Sevicin, A. O., and Uzcan, F. (2022). Preconcentration of nickel by
magnetic  solid-phase extraction (MSPE) as the 2-(5-bromo-2-pyridylazo)-5-
diethylamino-phenol (PADAP) chelate upon multiwalled carbon nanotubes
(MWCNTs) with determination by flame atomic absorption spectrometry (FAAS).
Anal. Lett. 56, 449-463. doi:10.1080/00032719.2022.2046770

Soylak, M., Ungur, L, and Ozalp, O. (2023). Magnetic solid-phase extraction of
nickel(Il) as the 2-(5-bromo-2-pyridilazo)-5-(diethylamino)phenol chelate on
magnetite@methacrylic ester copolymer prior to high-resolution-continuum source
flame atomic absorption spectrometric detection. Instrum Sci Technol. 51 (4), 447-464.
doi:10.1080/10739149.2022.2156535

Templeton, D. D. (1996) “Biological monitoring of chemical exposure in the
workplace,” Geneva.

Thauer, R. K. (2001). Nickel to the fore. Science 293 (5533), 1264-1265. doi:10.1126/
science.1064049

Tuzen, M., Melek, E., and Soylak, M. (2006). Celtek clay as sorbent for
separationpreconcentration of metal ions from environmental samples. J. Hazard.
Mater. 136 (3), 597-603. doi:10.1016/j.jhazmat.2005.12.036

Tuzen, M., and Soylak, M. (2004). Column system using diaion HP-2MG for
determination of some metal ions by flame atomic absorption spectrometry. Anal.
Chim. Acta 504, 325-334. doi:10.1016/j.aca.2003.10.043

Yu, C. Z, Fan, ], Tian, B. Z,, Zhao, D. Y., and Stucky, G. D. (2002). High-yield
synthesis ofperiodic mesoporous silica rods and their replication to mesoporous
carbonrods. Adv. Mater. 14 (23), 1742-1745. doi:10.1002/1521-4095(20021203)14:
23<1742:AID-ADMA1742>3.0.CO;2-3

Zachariadis, G. A., Anthemidis, A. N., Bettas, P. G., and Stratis, J. A. (2002).
Determination of lead by on-line solid phase extraction using a PTFE micro-
column and flame atomic absorption spectrometry. Talanta 57 (5), 919-927. doi:10.
1016/50039-9140(02)00132-7

Zerner, B. (1991). Recent advances in the chemistry of an old enzyme, urease. Bioorg.
Chem. 19, 116-131. doi:10.1016/0045-2068(91)90048-T

frontiersin.org


https://doi.org/10.1007/s13369-017-3025-x
https://doi.org/10.1007/s13369-017-3025-x
https://doi.org/10.1071/CH15391
https://doi.org/10.1016/j.snb.2017.06.187
https://doi.org/10.1016/j.trac.2015.06.007
https://doi.org/10.1007/s10570-020-03388-z
https://doi.org/10.1016/j.talanta.2004.02.017
https://doi.org/10.1006/taap.1998.8577
https://doi.org/10.1016/j.microc.2020.105450
https://doi.org/10.1016/j.microc.2020.105450
https://doi.org/10.1016/j.chroma.2006.03.007
https://doi.org/10.1016/j.chroma.2006.03.007
https://doi.org/10.1016/S0304-386X(02)00168-8
https://doi.org/10.1016/S0304-386X(02)00168-8
https://doi.org/10.1016/j.apt.2019.05.028
https://doi.org/10.1016/j.apt.2019.05.028
https://doi.org/10.1007/s10967-006-0021-0
https://doi.org/10.1016/j.saa.2004.02.001
https://doi.org/10.1016/j.aca.2006.03.079
https://doi.org/10.1016/j.jhazmat.2008.11.052
https://doi.org/10.3184/146867815X14413752286065
https://doi.org/10.1080/03067310802617602
https://doi.org/10.1080/00032719.2022.2046770
https://doi.org/10.1080/10739149.2022.2156535
https://doi.org/10.1126/science.1064049
https://doi.org/10.1126/science.1064049
https://doi.org/10.1016/j.jhazmat.2005.12.036
https://doi.org/10.1016/j.aca.2003.10.043
https://doi.org/10.1002/1521-4095(20021203)14:23<1742::AID-ADMA1742>3.0.CO;2-3
https://doi.org/10.1002/1521-4095(20021203)14:23<1742::AID-ADMA1742>3.0.CO;2-3
https://doi.org/10.1016/S0039-9140(02)00132-7
https://doi.org/10.1016/S0039-9140(02)00132-7
https://doi.org/10.1016/0045-2068(91)90048-T
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1410136

	Synthesis of the modified SBA-15 mesoporous silica with TAN ligand to preconcentrate and determine trace amounts of Ni (II) ...
	Introduction
	Materials and methods
	Reagents and apparatus

	SBA-15 nanoparticle preparation
	Modification of the TAN/SBA-15
	Extraction mechanism
	General procedure of extraction

	Results and discussion
	Characterizing SBA-15 and TAN/SBA-15
	Improvement of the extraction stage
	Effects of pH
	Effect of the amount of nanocomposites
	Influence of extraction time
	Effect of the eluting solution condition
	Nanocomposite ability for reusing
	Effect of foreign ions
	Validating the technique
	Using the technique

	Comparison with other approaches
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


