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This work presents a straightforward, highly sensitive, and cost-effective method for the simultaneous
determination of V, Ti, Ni and Ga by high resolution-continuum source electrothermal atomic absorption
spectrometer (HR-CS ETAAS) in agueous environmental samples (tap and seawater samples). The system
is based on retention of the analyte onto a novel magnetic nanomaterial (M@GO magnetic graphene
oxide) functionalised with methylthiosalicilate (MTS). The formed complexes between the M@GO-MTS
and the target analytes were broken, adding 1 mL of nitric acid (6%) and sonication for 5 min. The
optimized method achieved detection limits of 0.71 ug L™ for Ti, 0.20 pug L™ for V, 0.04 pg L™ for Ga,

0.66 nug L~ for Ni. The accuracy of the proposed method was demonstrated by analysing two certified
Received 4th October 2024 f terial d by det ining th Wt tent i iked . tal wat les. Th
Accepted 11th November 2024 reference materials and by determining the analyte content in spiked environmental water samples. The

results obtained using this method were in good agreement with the certified values of the standard

DOI: 10.1039/d4ay01809 reference materials, and the recoveries for the spiked tap water and seawater samples ranged from 94%
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1 Introduction

The toxicity of metals is governed by their physicochemical
characteristics as ion size, geometry, and oxidation state,
determining how metals interact in the bodies of animals,
potentially affecting their overall homeostasis.”> Metals play
crucial roles in biological processes and are often categorized
into essential being required for metabolic functions, including
growth, development, immunity, and reproduction, however,
there are also non-essentials and borderline metals.**
Vanadium, nickel, titanium, and gallium are elements
widely found in the environment and used in various industrial
and medical applications. Vanadium (V), found in products as
catalysts and fertilizers,>® has been listed as a highly toxic
substance according to the World Health Organization (WHO)
classification and as the 13 priority pollutants mentioned in the
American Environmental Protection Agency's Clean Water
Act.* The concentration of dissolved V in water should not
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exceed the long-term ecotoxicology limit of 1.2 pg L™ ".** Nickel
(Ni), essential in trace amounts for biological processes,' enters
ecosystems through natural processes'>'® and human activities
as mining."*® It is regulated due to its potential toxicity,
common levels of nickel in uncontaminated freshwater sources
can range from a few pg L' to around 20 pg L~ '.'®* However,
higher levels may be found in areas with industrial discharges
or pollution sources. Titanium (Ti), is typically found in low
concentrations, generally below 10 ug L™, depending on the
geological and environmental characteristics of the area.
Higher concentrations of Ti may be found in waters near
industrial areas or due to anthropogenic contamination. The
determination of Ti in environmental water can be significant,
not so much due to its toxicity, but as an indicator of industrial
pollution or for studying water treatment processes.**' Gallium
(Ga), an emerging contaminant, is used in high-tech industries
and medical procedures.””>* Prolonged exposure can cause
severe health issues include tachycardia and vertigo,*® but there
are no established water quality guidelines for this metal in
marine environments.*>*

Biologically active V, Ni, Ga and Ti compounds could pose
a potential threat for marine biota when released into the
environment. Marine invertebrates are known to accumulate
high levels of metals in their tissues. Therefore, accurate risk
assessment tools adapted to marine ecosystems based on rele-
vant techniques are needed to identify the pollutants of interest.

This journal is © The Royal Society of Chemistry 2025
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Such tools can assist in predict potential risks and the hazards
associated with marine pollution. The monitoring and control
of these trace elements in the environment sources require
processing large numbers of samples to accurately characterize
their abundance and to reach reliable conclusions.

Electrothermal atomic absorption spectrometry (ETAAS) has
been extensively used for trace element analyses. The use of
more efficient modifiers, advancements in controlling atom-
ization temperatures, new designs of atomizers, and improve-
ments in methods for correct background spectral interferences
have allowed an enhancement in sensitivity, an increase in
detection power, reduced sample handling and improved
reproducibility of results. Furthermore, the current introduc-
tion of high resolution continuum source electrothermal
atomic absorption spectrometry (HR-CS ETAAS) has facilitated
direct solid sampling, reducing background noise and opening
up the possibility of even faster quantification of certain
elements and even the simultaneous determination of some
elements.”” The combination with the higher radiation intensity
of the Xe (only one lamp source is needed) makes it feasible to
obtain better defined signals at lower analyte levels, resulting in
improved limits of detections. The improved analytical perfor-
mance of this technique can be seen in elsewhere.”®**° This
technique shows a relatively cost-effective approach with low
sample consumption, providing figures of merit that can be
equivalent to those of inductively coupled plasma mass spec-
trometry (ICP-MS).>

To increase the sensitivity of the technique, solid phase
extraction (SPE) is widely used as pretreatment method for the
extraction and preconcentration of analytes. This approach is
characterized by its easy to use, fast, low solvent consumption,
and high enrichment factors. Thus, the selectivity, sensitivity
and precision of the analytical method can be significantly
enhanced.***> Graphene oxide (GO) and magnetic nanoparticles
(MNPs) are materials which offer several advantages that make
them attractive for analytical applications, including a large
surface area and the presence of active sites on their surfaces.
GO is an excellent sorbent; however, it is difficult to separate
from the sample. The degradability, biocompatibility, chemical
stability, low toxicity, and high magnetic response of iron oxide
MNPs (Fe;O,) have been exploited as solid phase sorbents
termed magnetic solid phase extraction (MSPE). To exploit the
excellent characteristics of both sorbents and mitigate their
drawbacks, e.g., to prevent the MNPs aggregates, and to facili-
tate the separation of GO from the sample, MNPs-GO coupling
has been established as an excellent analytical tool for the
development of MSPE pre-treatment methods.*

In this work, silica coated magnetic nanoparticles joined to
graphene oxide (M@GO)* modified with a chelating group
methylthiosalicilate (MTS) were used as MSPE sorbent to
increase the selectivity. The re-extraction of the analytes was
reached with only 1 mL of eluent (HNO; 6%).

Considering the diverse sources and characteristics affecting
water quality, it is imperative to analyze and understand the
concentrations of specific elements, such as vanadium (V),
nickel (Ni), gallium (Ga), and titanium (Ti), in aquatic ecosys-
tems. The development of reliable analytical methods capable
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of the simultaneous determination of several elements (Ti, V, Ni
and Ga) is challenging from an analytical point of view because
considerably increasing sample throughput (by eliminating
sequential determination) and reducing the risk of contami-
nation and/or losses. Moreover, it is worth noting that this
approach is particularly intriguing as it offers a cost-effective
solution, given that simultaneous analysis of multiple
elements is typically not feasible with this conventional
equipment.

In this manuscript, the developed method has shown to be
a highly useful tool for simultaneous quantitation of V, Ni, Ti
and Ga in environmental samples. To the best of the authors’
knowledge, this method represents the first instance allowing
the simultaneous determination of the four target analytes (V,
Ti, Ni and Ga) by ETAAS in water samples. For the quality
control of the analytical performance and the validation of the
developed method, the analysis of two certified samples, SPS-
SW2 Batch 125 and TMDA 64.3, Fortified Lake Waters were
addressed. The results obtained from the study exhibited an
acceptable level of agreement with the certified values. The
method has been applied to tap and seawater samples with
goods results.

2 Experimental

2.1 Instrumentation

All experiments were carried out using a HR-CS ETAAS, ContrAA
700, (Analytik Jena AG, Jena, Germany), equipped with both
a electrothermal atomizer and flame atomizers. High quality
transversely heated pyrolytic graphite tubes with pyrolytic
graphite platform (Analytik Jena AG, Jena, Germany) were used
in this study. A description of this instrument can be found
elsewhere.””

The lines selected for the simultaneous absorbance
measurements and their sensitivities were 294.318 nm (V),
sensitivity 2.3%, 294.364 nm (Ga), sensitivity 100%, 294.199 nm
(Ti), sensitivity 42%, and 294.391 nm (Ni), sensitivity 1.4%,
respectively, and the type of background correction used was
IBC (Iterative Baseline Correction). A similar spectral area was
previously used by us for the direct analysis of Fe, V, Ga and Ni
in solid fuel fly ash.*

The peak height selected absorbance was equivalent to three
pixels (central pixel + adjacent ones). The electrothermal
atomizer heating program for the simultaneous determination
of V, Ni, Ti and Ga is provided in Table 1.

Table 1 Temperature program adopted for the simultaneous deter-
mination of vanadium, nickel, gallium, and titanium in samples by HR
CS ETAAS

Temperature Ramp Hold time Ar flow
Stage (°C) (eccs™)  (s) rate
Drying 110 6 60 Max
Pyrolysis 1400 70 3 Max
Gas adaptation 1400 0 5 Stop
Atomization 2650 3000 5 Stop
Cleaning 2650 0 5 Max

Anal. Methods, 2025, 17, 124-135 | 125
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Argon with a purity of 99.99% was used as purging and
protective gas for the graphite atomizer.

A conductometer SensION™ + EC7 (HACH, Colorado, EEUU)
was used for salinity measurements of the water samples.

2.2 Reagents and samples

High purity reagents were used in all experiments. All solutions
were prepared using doubly de-ionized water (18 MQ cm) ob-
tained from a Milli-Q water system (Millipore, Bedford, MA,
USA).

For the synthesis of M@GO MTS graphite powder, sodium
chloroacetate, ferrous chloride tetrahydrate (FeCl,-4H,0), ferric
chloride hexahydrate (FeCls-6H,0), 37% HCIl (wt/wt), ammo-
nium hydroxide 30% (wt/wt), 97% 3-amino-
propyltriethoxysilane, =~ =99% tetraethoxysilane  (TEOS),
methanol, sodium chloride, =99.5% ethylenediamine (EN) and
99% N,N'-dicyclohexylcarbodiimide (DCC) were used. 97%
Methyl thiosalicylate (MTS) was used for functionalization. All
reagents were supplied by Merck (Merck, Darmstadt, Germany).

V(v), Ti(v), Ni(u), and Ga(m) stock standard solutions
1000 mg L' (Merck, Darmstadt, Germany) were used for
preparing the calibration curve. Standards of 1000 mg L™*
Pd(u)/Mg(n), Ir(m), Nb(v), and W(vi) solutions (PerkinElmer pure,
Darmstadt, Germany) were used to coat the graphite furnace
platform.

A pH 5.5 buffer was prepared by mixing acetic acid (0.2 M,
14.8 mL) and sodium acetate (0.2 M, 35.2 mL) (Merck, Darm-
stadt, Germany) and diluting to 100 mL with de-ionized water.

The accuracy of the proposed procedure was determined by
analysing the certified reference materials (CRMs) from
National Research Council of Canada (NRCC) TMDA 64.3,
Fortified Lake Waters and Standard reference material by
National Institute of Standards and Technology (USA) SPS-SW2
Batch 125 Surface Water. To study the applicability of the
proposed method, seawater and drinking water samples were
also analysed.

2.3 Treatment of the graphite tube with a permanent
modifier

Titanium and vanadium tend to form stable carbides in the
graphite furnace which avoid their complete atomization. To
solve this problem, permanent chemical modifiers were tested
to cover the platform of the graphite furnace. The correct use of
these modifiers has reduced interferences and improved the
atomization process.*

The pre-treatment of pyrolytically coated graphite tubes
involved a specific procedure to ensure a permanent and high-
quality Nb (niobium) coating. This process included the injec-
tion of a total of 20 aliquots of 20 uL of a 10 mg L™ Nb modifier
standard solution into the graphite tube, followed by running
the device temperature program. The injections were dried
slowly by heating the atomizer at 100 °C with a ramp rate and
ahold time of 2 °C s and 70 s, respectively. Subsequently, they
were thermally treated at 1400 °C with a ramp rate and a hold
time of 45 °C s™* and 130 s, respectively. At the end of these 20
treatments, a reduction step at 1600 °C was applied for 15 s. A
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total mass of 0.004 mg of the modifier were deposited on the
tube graphite wall.>**” This coating enhances the performance
of the tubes during subsequent analysis and extends its useful
lifetime to around 350 firings.

On the other hand, the improvement of the vanadium
atomization peak required further attention. Therefore, a study
on non-permanent matrix modifiers was also conducted,
including Pd/Mg (150 ng Pd/100 ng Mg), Ir/W (150 ng Ir/150 ng
W), 50 ng and 100 ng Nb (5 uL Nb 5 and 10 mg L"), as described
in the literature.*>’

2.4 Analytical procedure

The synthesis of silica coating MNPs was described elsewhere*®
and GO was prepared from natural graphite using the exfolia-
tion process described by Diagboya et al.** GO and MNPs were
coupled using the patented synthesis of M@GO (Spain Patent
with application for extension of European Patent
ES2844942B2, EP4095097A1).%° After that, the organic group
MTS was coupled to the material M@GO (M@GO-MTS) as
described in ESL{ The ESIf (ESI) provides details on the
synthesis route for the preparation of M@GO, the functionali-
zation process, and the structure of the subsequent material
(Fig. SM17).

For the extraction, aliquots of standard or samples were
placed in 250 mL volumetric flasks, 25 mL buffer (pH = 5.5)
and de-ionized water were added up to the mark. Then 20 mg
M@GO-MTS was added. The M@GO-MTS and the sample
were kept in contact for 5 min into an ultrasonic bath. After
that, a strong Nd/Fe/B magnet was placed at the bottom of the
tube and when the solution became clear, the supernatant was
able to be easily decanted. The formed complexes between the
M@GO-MTS and the target analytes were broken adding 1 mL
of nitric acid (6%) and sonication for 5 min. Finally, the
sorbent was separated using the Nd/Fe/B magnet and
a volume of 20 uL of the supernatant was injected into the Nb
coated graphite tube plus 5 uL. Nb 10 mg L™ " and analysed by
ETAAS.

The experimental conditions and the heating temperature
program used were carefully optimized by a univariate form
with standards of 15 pg L™" V(v) and Ti(wv), 30 pg L™" Ni(i) and
1.5 pg L' Ga(m). The optimized furnace temperature program
is summarized in Table 1.

The absorbance was measured in quadruplicate (n = 4). All
the experiments were carried out in graphite furnace with
platforms, preliminary treated with Nb as permanent modifier.
The temperature program for the graphite furnace treatment
with Nb was described in Section 2.3.

2.5 Sample preparation

Two certified reference materials (CRMs), TMDA 64.3, Forti-
fied Lake Waters and SPS-SW2 Batch 125 Surface Water were
tested to validate the proposed procedure. The method was
applied to the analysis of two type of water samples, sea and
tap water, which were collected locally. These samples were
collected in polypropylene bottles and stored at 4 °C as rec-
ommended by Method 3010B of the Environmental Protection

This journal is © The Royal Society of Chemistry 2025
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Agency (USA), for 3 days. Samples were filtered through 0.45
um pore size filters, acidified with HNO; and stored until
analysis.

To analyse the CRMs, aliquots of 2.5 mL of sample were
placed in 25 mL volumetric flasks, 2.5 mL of buffer pH 5.5 and
de-ionized water were added up to the mark. For tap water
analysis, 225 mL of tap water were place in 250 mL volumetric
flasks, 25 mL of buffer pH 5.5, and for seawater, aliquots of
100 mL were placed in 250 mL volumetric flasks, 25 mL of
buffer pH 5.5, and de-ionized water were added up to the mark.

Then, 2 mg of M@GO-MTS for CRMs and 20 mg for tap and
sea water was added, following the procedure described in
Section 2.4.

Four aliquots of each sample extract were injected for
determination of target analytes under the optimal conditions
of the proposed method. For seawater samples, the salinity of
samples and standards were measured by conductimetry and
adjusted at the same value with NaCl before the extraction. The
salinity of each sample was analysed and found to be 35.5 g L™"
for seawater.

3 Results

3.1 Evaluation of analytical lines

Primarily, the appropriate wavelengths must be selected, and
the sensitivity must be suitable for the analyte content. In the
HR-CS ETAAS, the simultaneous determination requires atomic
lines within the same spectral window. Thus, the instrument
detector was centred at 294.318 nm, a secondary line of V, being
for all the elements used secondary spectral lines, as well.
Subsequently, the wavelength of 294.391 nm for Ni was chosen,
294.199 nm for Ti and 294.364 nm for Ga. The use of secondary
lines is not a problem using a Xe short-arc lamp since its radi-
ation intensity is high enough to provide good signal-to-noise

View Article Online
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ratios for all lines. The automatic correction for continuous
background adsorption realized by 200 pixels on the CCD
detector, gets even better signal-to-noise ratios. Thus, the
spectral range between 294.134 nm and 294.499 nm was
observed, Fig. 1.

Additionally, the thermo-chemical behaviour of the target
analytes in a graphite furnace requires to be considered. Thus,
the furnace temperature program and modifiers were studied,
as well.

The sensitivity was also studied varying the number of pixels
for the determinations. In this case, the number of pixels was
set to 3 (the central pixel plus the adjacent ones, CP + 1). In this
work, a further extension of the peak volume detection was not
necessary because only noise would be integrated. The signals
were measured in terms of both peak area and peak heights.
The signals measured as peak height provided more repro-
ducible results due to the tail of the vanadium and titanium
atomization signals, which were reduced by the employ of
modifiers, as will be discussed in the following sections. Peak
height absorbance is probably less susceptible to interferences
that can affect peak shape and, thus the accuracy of area
integration.**

3.2 Optimization of method

The effect of different parameters on the accumulation and
recovery of V, Ti, Ni and Ga were studied to optimize conditions
for achieving the best results.

The best signal-to-noise (S/N) ratios between a blank and
a standard solution of 15 ug L' V, Ti, 30 pg L' Ni and 1.5 ug
L~ Ga were chosen as the optimization criteria. In the study,
the analysis of each sample was repeated four times to ensure
repeatability and reliability of the results.

Several parameters were optimized in the study to enhance
the performance of the analytical method: (a) furnace program;
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Fig.1 Atomic lines in the same spectral window for V, Ti, Ni and Ga. Atomization peaks obtained with a solution of 15 pg L=V, Ti, 30 pg L™ Ni

and 1.5 pg L ! Ga.
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(b) pH; (c) selection of the eluent; (d) extraction and elution
times and amount of M@GO-MTS; and (e) volume of sample
(preconcentration factor).

3.2.1 Furnace program. Optimizing operating parameters.
The influence of the drying, pyrolysis and atomization steps on
the analytical signals were studied. The drying step was opti-
mized by the observation of the sample volume injected into the
graphite furnace through the camera provided by the instru-
ment. A drying temperature of 110 °C achieved with a ramp of
6 °C s~' and a hold time of 50 s, produced uniform drying
without boiling.

Pyrolysis and atomization steps are the most decisive steps
to remove most of the matrix components without analyte loss,
and to achieve well defined atomization peaks. Commonly, the
pyrolysis temperature is established by considering the most
volatile element present in the sample, and the atomization
temperature is determined by considering the most refractory
(least volatile) element present in the sample.*> The pyrolysis
temperature was varied over the range 1200-1450 °C. When the
pyrolysis temperature increased up to 1400 °C, the signal
increased for three of all four, Fig. 2A. Although Ga showed
a decrease in the signal, the sensitivity to the line is enough for
the determinations. This method has shown the capability to
determine concentrations of Ga up to ten times lower than
those for the other elements. In comparison to nickel, gallium
concentrations are twenty times lower. Consequently, temper-
ature selection is based on maximizing the signal for nickel. The
optimum pyrolysis temperature was determined to be 1400 °C.
Slower pyrolysis temperature ramps help to eliminate matrix
effect. Slower pyrolysis plays a crucial role in minimizing matrix
effects during elemental analysis, allowing a better separation
of analytes from interfering matrix components. This process
enhances the accuracy and precision of measurements. Gradual
heating helps the effective volatilization of matrix components
without prematurely releasing the analytes, reducing the inter-
ference during the measurement phase.*

The controlled temperature increase can lead to a more
uniform particle size distribution, which aids in the consistent
behaviour of the sample matrix, further mitigating matrix
effects.*
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Slower pyrolysis ramps can reduce the likelihood of signal
suppression caused by matrix elements. This is particularly
important when are used matrix modifiers, which can some-
times introduce additional variability in the results.**

The pyrolysis ramp was investigated between 30-110 °C s~
and only a little influence on the analytical signal was found and
was considered the optimal values 70 °C s~ . The pyrolysis hold

1

time was varied between 3 and 10 s, only the signal of Ti was
increased until 7 s, the signals of V, Ni and Ga started to
decrease at times greater than 3 s. Thus, 3 s was selected as the
optimum hold time.

Since most of the analytes are refractory, the atomization
temperature was varied over the range 2500-2650 °C. When the
atomization temperature increased, the signal also increased.
The optimum atomization temperature was determined to be
2650 °C because at lower temperature, broader peaks were
observed, Fig. 2B. The atomization ramp should be high enough
to produce instantaneous atomization, thus a ramp time of
3000 °C s~ ' was selected. The atomization hold time was
studied between 3 to 10 s. The signals for all analytes increased
until 5 s, after that the signals were constant or decreased. Thus,
5 s was selected as optimum hold time.

The high-atomization temperature obtained could poten-
tially affect the thermal stability of the permanent chemical
modifiers and lifetime of the graphite tube. However, the
number of firings was also studied, and at least, 350 firings
could be made without significant decrease in the target analyte
signals. The optimal established furnace operation conditions
for V, Ni, Ti and Ga based on permanent modifiers, have been
listed in Table 1.

3.2.1.1 Use of chemical modifiers. In this study, several
challenges were encountered, primarily related to the tail of the
vanadium and titanium signals due to carbides formation, as
documented by previous researchers.*>*® The formation of V, Ti
carbides can interfere with the atomization process and affect
the accuracy and precision of the analysis. To mitigate this
issue, chemical modifiers that prevent carbide formation were
explored and optimized. By adding Ir, W and Nb as permanent
modifiers,***” the formation of carbides of V and Ti in the
sample was reduced, improving the precision and accuracy of
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(A) Optimization of pyrolysis temperature between 1200-1450 °C. (B) Optimization of atomization temperature between 2500-2650 °C.
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the analysis. Among permanent chemical modifiers, Nb showed
beneficial for V and Ti determination, producing thinner V and
Ti peaks, Fig. SM2A and SM2B.7 The conditions of permanent
modifiers deposition were optimized to achieve the best
analytical signals.

The analysis of each sample was repeated four times,
employing a one-at-a-time method to optimize the conditions.
This optimization led to the selection of Nb as the most effective
permanent modifier. In the case of the graphite surface modi-
fied Nb, the integrated absorbance for V is higher than for the
graphite surface modified with other modifiers.

These results are supported by the study reported else-
where***” where the niobium carbide formation on the graphite

View Article Online

Analytical Methods

surface prevented the formation of vanadium and titanium
carbides. Despite using a modifier and increased atomization
temperatures, minor tailing in the atomization V peak still
appeared on the spectra. To address this issue, several chemical
matrix modifiers added along with the sample aliquot were also
tested, including Ir/W, Nb, and Pd/Mg, Fig. 3. These modifiers
have proven to be effective in thermally stabilizing metals,
removing matrix constituents during vaporization and atom-
ization, and extending the lifespan of the furnace.”” For
analytical measurements, peak heights were used with better
reproducibility to be independent of the peak tails.

Thus, the quantities used for matrix modifiers were deter-
mined based on their effectiveness in facilitating the efficient

400
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thermal separation of the target analytes and concomitants
during the pyrolysis step. Based on these studies, the optimal
amount of Nb required was 0.004 mg as a permanent modifier
plus 50 ng with each sample aliquot as a non-permanent
modifier.

3.2.2 pH study. The solution pH affects the degree of
complexation with M@GO-MTS and is related with the
percentage of analytes retained on the material.

Thus, the pre-concentration of traces of the target analytes
from buffered solutions at different pH values was studied. In
this study, 25 mL of the standards buffered at different pHs
were mixed with 2 mg M@GO-MTS during 5 min in the ultra-
sonic bath, after the magnetic decantation, 1 mL of 6% HNO;
was added and ultrasonicated 2 min. Finally, 20 pL of the dec-
anted eluent was injected into the Nb coated graphite tube plus
5 uL Nb 10 mg L' and analysed by ETAAS. The pH of the
buffered standards varied between 1.4 and 10.3. The pH from
1.4 to 5.0 was adjusted using glycine-HCI or sodium acetate-
acetic acid buffer solution and from 5.0 to 9.9 using sodium
hydroxide-boric acid buffer. The Fig. SM31 shows the absor-
bances versus pHs.

The optimum pre-concentration pH for Ti was from 4.0 to
6.0; for V was from 4.0 to 6.0, Ni showed optima pH interval,
between pH 5.5-8.0, with a maximum to pH 5.5, and Ga showed
a range between 4.0-7.0, being maximum at 5.0. Thus, to
accomplish the simultaneous determination of the target
elements, a pH value of 5.5 was chosen as overall optimum.

3.2.3 Study of sorption capacity of the sorbent. The
maximum sorption capacity of the material was also studied.
For this experiment, a suspension was prepared by mixing 5 mg
of M@GO-MTS with 25 mL of a 2 mg L™ " solution of V, Ti, Ni,
and Ga at pH 5.5. The suspension was sonicated for 5 minutes
in an ultrasonic bath, and the nanomaterial was then separated
using a magnet. The supernatant was analyzed using HR-CS-
ETAAS, and the adsorption capacities were determined by the
difference in concentration. The maximum adsorption capacity
achieved was 10 mg g’l. The results obtained were 7.8, 7.9, 5.6,
and 8.9 mg g~ for V, Ti, Ni, and Ga, respectively.

The sorption mechanism on the nanomaterial has been
studied for other M@GO derivatives and analytes,* revealing
a complex competition among three mechanisms: chelation,
hydrogen bonding, and w-electron interactions. In the case of
Ni*" and Ga*', the predominant extraction mechanism probably
involves the formation of chelates via thiol or diamine groups in
M@GO-MTS.** For Ti'", the [TiO]*" oxo-cation form in
aqueous solutions, and its structure in a slightly acidic medium
facilitates adsorption through chelation and hydrogen bonding,
Fig. SM4A.7,>' As demonstrated in elsewhere,* the orthovana-
date and metavanadate anions possess double bonds, leading
to a competition between chelation, hydrogen bonding, and -
electron interactions, similar to the sorption behaviour of
arsenic species, Fig. SM4B.{**

3.2.4 Selection of the eluent. To minimize the time
required for quantitative elution of the analytes, the selection of
a suitable eluent is essential. Strong acids are commonly used
in analytical chemistry to dissociate complexes and release free
metal ions from their complexed forms. Different eluents at
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different concentration and their mixtures were studied to
obtain the best recoveries.

The studied eluents were phosphoric acid at 1% plus EDTA
0.5%, nitric acid at 3% plus EDTA 0.5%, nitric acid 3%, nitric
acid 6% and nitric acid 7%. As shown in Fig. 4, the best signals
were obtained at 6% HNOj;, being concluded that effective
elution of target analytes was obtained using at eluent.

The volume of eluent required for the quantitative desorp-
tion of target analytes was also investigated. The optimum
eluent volume was chosen as the smallest possible volume to
achieve maximum preconcentration. Quantitative elution was
achieved using 1.0 mL of 6% HNO;.

3.2.5. Effect of extraction time, elution time and amount of
sorbent. The adsorption and elution times were studied
between 1-10 min (Fig. SM57) and 0.25-3 min, respectively. The
best signals were obtained between 5-7 min of adsorption time.
At higher time, signals decrease because the ultrasonic bath
degrades the interactions (w-7v stacking) between graphene
oxide nanosheets and the analyte complexes.*” The elution time
had no strong effect on the equilibrium condition and extrac-
tion efficiency, and thus, a time of 5 min was selected as
optimum adsorption time and 2 min as optimum elution time.

With the optimized extraction parameters, a recovery evalu-
ation study of target analytes was carried out by varying the
amount of the sorbent across the range of 1-20 mg, maintaining
the volume of sample in 250 mL.

The influence of the amount of M@GO-MTS on the extraction
of V, Ni, Ti and Ga (60 ug L ™", 30 pg L™, 30 pg L%, 60 ug L *
respectively) was assessed, Fig. SM6.f The extraction recovery
increase with the increase of M@GO-MTS mass. On the other
hand, the preconcentration was carried out with the least
amount of material possible, allowing quantitative simultaneous
recovery, and therefore, 20 mg was selected as optimal amount.

3.3 Preconcentration factor

With all the experimental parameters optimized, the metal ion
sorption capacity was studied in the range of sample volume
from 100 mL to 1000 mL maintaining the masses of the target
analytes constant to 3.75 ug for Vand Ti, 0.375 pg for Gaand 7.5
ng for Ni. Based on the results, the sorption capacity for all
metal ions decreased with an increase of the volume above 250
mL, Fig. 5. Thus, the optimum volume selected was 250 mL.

The preconcentration factor can be calculated as the sample
to eluent volume ratio. A higher preconcentration factor can be
provided by either increasing the sample volume or decreasing
the eluent volume.

The recoveries were found to be stable until 250 mL and
close to 100%; and the adsorbed V, Ti, Ni and Ga were able to
elute with 1.0 mL of eluent. Thus, a preconcentration or
enrichment factor (EF) of 250 can be obtained for the target
analytes.

3.4 Figure of merit

The figures of merit for the determination of target analytes in
environmental samples using proposed ETAAS procedure are
summarised in Table 2.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Analytical performance of the optimized preconcentration method

LOD LOQ RSD intra-day (%)  RSDintra-day (%)  RSD Inter-day (%)
Analyte  Calibration graph Blank + SD (pg) (pg) n=7% n=7" n=7°
Ti(1v) y = 0.0028x + 0.0032 0.0016 + 0.0012 14.3 74.3 1.4 1.7 1.1
V(v) y = 0.0005x + 0.0003 0.0006 + 0.0012 4.0 32.0 2.0 2.3 2.9
Ni(u) y=1.22 x 10 % +0.00011  0.0001 + 6 x 10°°  13.1 820 56 4.6 3.1
Ga(m) y = 0.025x + 0.00048 0.0007 +£ 0.0003 0.9 2.6 4.6 4.3 5.6

“5ugL ' TiandV, 0.5 pgL™' Ga, 10 ug L ' Ni.® 10 pg L' Ti, and V, 1 pg L™ Ga, 20 uyg L' Ni. 5 ug L' Ti, 2 ug L'V, 0.5 pg L' Ga, 10 ug L' Ni.

Under the optima conditions described before, the linear
ranges were evaluated using the optimised experimental and
instrumental conditions. Four linear calibration graphs were
obtained from 74.3 pg-0.28 ng for Ti; 32 pg-0.28 ng for V; 82 pg-
0.6 ng for Ni, and 2.6 pg-0.1 ng for Ga, with correlation always
better than 0.997.

The equations for calibration curves, blank signals, limits of
detection and quantification (LODs and LOQs) and other
analytical characteristics are presented in Table 2. The limits of
detection (LOD) and quantification (LOQ) were calculated as the
concentration of the target analyte giving signals equivalent to
three and ten times (n = 11), respectively, the standard devia-
tion of the blank plus the net blank intensity.

As can be seen in Table 2, LOD values, based on an EF of 250,
ranged from 0.9 to 14.3 pg for the four elements. Considering 20
uL were injected, these LODs correspond with 0.71; 0.20; 0.66;
and 0.04 pg L™" for Ti, V, Ni, and Ga, respectively. The LODs
obtained can be considered adequate for the pursued analytical
purpose. Using the optimized conditions, this method enables
the simultaneous determination of V, Ni, Ti and Ga using the
external calibration technique. The precision, evaluated as the
intra-day relative standard deviation (RSD) and inter-day values,
for seven replicate measurements of solutions, are shown in
Table 2. “Intraday RSD” assesses variability within a single day,
and “Interday RSD” measures variability between three different

This journal is © The Royal Society of Chemistry 2025

days. A low RSD value in both categories indicates precise and
consistent measurements. RSDs between 1.1 and 5.6% were
obtained, indicating that the method is repeatable and repro-
ducible, showing low variability among analyses performed on
the same day and between days. Thus, the results indicated that
the method for the simultaneous determination of V, Ti, Ga and
Ni is sensible and precise.

For comparative purposes, the analytical performance data
of analogous methods reported in the literature are registered
in Table 3 (LODs has been shown with amount and concen-
tration units for a better comparison). The direct comparison of

Table 3 Comparison of analytical performance data with other data
reported in the literature

LOD
Technique A Ti Ni Ga Units Ref.
SS-HR-CS-ETAAS 24.13 1.20 9 ng 35
ICP MS 0.017¢ —  0.083% 0.002° mgkg ! 52
ETAAS 0.4 — 02 — ngg 53
MSPE/ETAAS 0.71 0.20 0.66 0.04 ug Lt This work
143 4 131 09 pg
“ LOQ.
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the figures of merit is difficult due to the different experimental
conditions. Nonetheless, the detection limits for the target
elements and the precisions of the developed method were
similar or superior to those reported in the bibliography.

3.5 Analytical applications

The accuracy of the proposed method was assessed by ana-
lysing certified reference materials, TMDA 64.3 Fortified Lake
Waters and SPS-SW2 Batch 125 Surface Water for trace
elements. Considering certified references materials include
trace concentrations of other ions, it can be assumed that the
method does not present any interferences at pg L' concen-
trations. The method was also applied to spiked and non-
spiked seawater and tap water samples, allowing evaluate the
accuracy of methods by recovery tests. The sample aliquots
were spiked with metals of interest and analysed. The recov-
eries for the spiked samples were close to 100%. Three repli-
cates of reference material and four replicates for real samples
were analysed. The determined concentrations are shown in
Tables 4 and 5.

The obtained results highlight the good harmony between
the certified and found values. The t-test applied to each indi-
vidual result determined there is no significant difference
between the experimental average and the population mean (p)
or “true value” = certified value for each result. No significant
differences at 95% confidence level were found between the
concentrations of V, Ni, Ti and Ga after M@GO-MTS enrich-
ment and the certified concentrations, indicating the accuracy
of the proposed method.

The t-test for paired samples was also used in the statistical
analysis of data to demonstrate that there are no significant

View Article Online
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differences between certified and found concentrations of all
results between the two samples. The tajcutaced (1.85) value was
lower than the critical value (fcritcal = 2.57) at 95% confidence
level, also indicating a good accuracy.

The validated method was applied to the analysis of two
real samples: tap and sea water samples, Table 5. The recov-
eries for the spiked samples were not significantly different to
100%, indicating that the proposed method is useful to the
simultaneous determination of the four analytes in samples
with very complex matrix such as sea water with salinity about
35.5g L

3.6 Analytical greenness study

A novel analytical greenness metric, AGREEprep, has recently
been proposed to evaluate the environmental sustainability of
an analytical method.** AGREEprep is founded upon ten eval-
uative steps that align with the ten principles of green sample
preparation.®® The evaluations for each of the ten distinct
components of AGREEprep are scaled from 0 to 1, with the
extreme values representing the lowest and highest levels of
achievement, respectively.

A total score exceeding 0.5 is deemed indicative of a green
analytical approach. The AGREEprep pictogram, Fig. 6, illus-
trates a favourable outcome, affirming that the established
methodology aligns with contemporary green chemistry prin-
ciples by eliminating toxic substances, facilitating a sustain-
ability and renewability sorbent material, and minimizing
energy usage, and also guaranteeing safe operational practices
for the technician.

Nonetheless, this metric suggests that there exists a potential
for enhancement, several parameters as sample preparation

Table 4 Analytical results expressed as mean =+ standard deviation (n = 3) obtained for V, Ti, Ni and Ga in analysed certified reference materials

Certificate value (ug L")

Found value (ug L")

Experimental
t < 4.303 = tabulated ¢
for 95% confidence®

Sample Ti A Ni Ga Ti \Y Ni Ga Ti A Ni Ga
TMDA-64.3 124 £ 7 280 £ 18 251 £17 50.3 £ 3.4 125+ 1 278 £ 2 267 £11 47 £ 2 1.73 1.73 2.52 2.85
SPS-SW2 — 50.0 £ 0.3 50.0 = 0.3 — — 51.3 £ 0.8 52.5 £ 1.8 — — 2.81 240 —

¢ t values obtained comparing certified and found value for 2 d.f.

Table 5 Analytical applications in real water samples (n = 4)

Added (pg L) Found (pg L") 4+ SD*

Recovery (%) + SD*

Sample Ti V Ni Ga Ti \ Ni Ga Ti \ Ni Ga
Tapwater — — — — <LOD(0.71) <LOD (0.20) <LOD (0.66) <LOD (0.04) — — — —
5 5 20 3 5.9+0.2 5.4 + 0.7 22.4 + 0.6 2.9 £0.3 118 + 4 108 + 14 112 + 3 97 £ 10
15 15 40 5 144 £ 0.2 15.5 £ 0.2 43 £5 4.8+ 0.3 9 £ 1 103+ 1 107.5+12 966
Seawater @— — — — <LOD(0.71) <LOD (0.20) 1.0+ 0.1 0.44 £0.02 — — — —
15 5 20 1 14+1 6.0 = 0.2 201 1.4 +0.1 94 +6 120 + 4 95 +5 96 + 10
30 15 40 3 299+ 04 16.0 + 0.2 41+ 4 3.44 £ 0.02 100 £ 1 107 £ 1 100 £ 10 100 £ 1

“ The results are expressed as the average + standard deviation for four separated determinations.
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Fig. 6 Pictogram representation of the analytical greenness about the
proposed method. Each number indicate: (1) favor in situ sample
preparation; (2) use safer solvents and reagents; (3) target sustainable,
reusable, and renewable materials; (4) minimize waste; (5) minimize
sample, chemical and material amounts; (6) maximize sample
throughput; (7) integrate steps and promote automation; (8) minimize
energy consumption; (9) choose the greenest possible post-sample
preparation configuration for analysis; (10) ensure safe procedures for
the operator.

placement, waste generation, or the automation of the associ-
ated procedures.

4 Conclusions

In this work a novel M@GO functionalized with MTS as com-
plexing agent has been successfully employed to the separation,
preconcentration and simultaneous determination of V(v),
Ti(v), Ni(u) and Ga(ur) ions from natural water samples,
including seawater.

The proposed method offers important advantages such as
simplicity, reproducibility and economy. The sensitivity of the
analytical technique is high, and no problems could be deter-
mined regarding the minimum content of the target elements.
The proposed method was carried out using an external cali-
bration since the standard addition method is time consuming
demonstrating the absence of interferences. The sensitivity of
different atomic lines was evaluated, and the LOQ and detection
were shown to be adequate for the samples analysed. The
accuracy of the method was checked by analysing certified
reference waters and the results obtained confirmed a good
concordance with the certified values.

Additionally, the proposed analytical protocol can be applied
to real samples using a single extraction and a single heating
program, enabling simultaneous determination, and providing
precise and accurate data at low analysis costs. Furthermore,
the proposed method adheres to green chemistry principles by
avoiding the use of contaminating materials and requiring only
a minimal amount of acid, rendering this method environ-
mentally friendly. The greenness of the method has been
quantitatively evaluated employing the AGREEprep metric,
revealing that proposed method shows an acceptable green
analytical method.

This journal is © The Royal Society of Chemistry 2025
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To conclude, magnetic dispersive solid phase extraction
appears to be a promising approach for various applications,
including the extraction of trace metals from environmental
samples, the purification of pharmaceuticals, and the recovery
of valuable elements from waste materials. Its versatility and
efficiency in selectively isolating target analytes suggest that
magnetic dispersive solid phase extraction could play a signifi-
cant role in enhancing analytical methodologies across diverse
fields, such as environmental monitoring, food safety, and
materials recycling.
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