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Abstract
Magnetite (Fe3O4) nanoparticles were modified with nanocellulose and are showed to be a useful sorbent for magnetic solid-
phase extraction of mercury species. Speciation analysis was performed by using gas chromatography coupled to atomic
fluorescence detection (GC-pyro-AFS). The magnetic properties of the sorbent make this approach simple and rapid, and the
use of a renewable and biodegradable nanomaterial (nanocellulose) makes it environmentally friendly. The factors that affect
adsorption (pH value, amount of nanomaterial, time, volume of sample) and desorption (solvent, time) have been optimized.
Both desorption and derivatization of mercury species were performed in a single step. This reduces considerably the sample
preparation time. Under the optimized conditions, the limits of detection are 4.0 pg mL−1 for monomethylmercury and
5.6 pg mL−1 for inorganic mercury. The repeatability and reproducibility are satisfactory. The method enables inorganic mercury
and monomethylmercury to be simultaneously extracted, with preconcentration factors up to 300. The potential interferences of
organic matter and/or co-existing ions were also investigated using synthetic waters. The procedure was applied to the analysis of
tap water and river water samples with different characteristics from a mercury polluted area (Almadén, Spain). The extraction
recoveries ranged from 81 to 98% regardless of the type of water, which demonstrates the applicability of the method. This is the
first time that this kind of sorbent is used for trace metal speciation.
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Introduction

Solid phase extraction (SPE) is a widely used technique for
preconcentration and clean-up due to its advantages in com-
parison to other conventional sample preparation techniques
such as liquid-liquid extraction [1]. However, SPE presents
some operational limitations related to the quality and

uniformity of the packing material. The dispersive mode
(DSPE) is based on the dispersion of the sorbent in the sample
matrix resulting in an extraction of the analytes in the solution
and not in a column [2]. In DSPE, column packing and clog-
ging are avoided, but difficulties in the separation of the sor-
bent still remain. Recent improvements of this technique have
come from the incorporation of nanomaterials that allow to
overcome part of these drawbacks through the development of
new sorbents and working modes. Among the new renewable
nanomaterials which have been explored in last years as green
alternatives to traditional sorbents, nanocellulose (NC) stands
out as an interesting option because of properties such as bio-
compatibility, biodegradability, or thermal and chemical sta-
bility [3, 4]. NC also presents a good surface reactivity pro-
ducing strong intermolecular and intramolecular hydrogen
bonds, which leads to a high extraction efficiency [5].
Regarding the new working modes, an interesting alternative
is magnetic solid-phase extraction (MSPE), which is a special
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kind of DSPE based on the use of solid sorbents with magnetic
properties, generally magnetic nanoparticles [6]. Thus, the
potential of NC as a nanostructured sorbent can be strongly
improved by the coupling of this nanomaterial with magnetic
nanoparticles to acquire additional magnetic properties. The
combination of SPE with magnetic nanoparticles or compos-
ites, i.e. Fe3O4 nanoparticles modified with NC (MCNPs) has
become an advantageous approach for sample preparation, as
reported in recent works [7, 8]. The use of magnetic
nanosorbents simplifies the extraction process and saves time
as a result of their easy isolation from the matrix by an external
magnetic field [9]. Thus, MCNPs can be considered as an
efficient and economic option for preconcentration, clean-up
and extraction operations due to the low surface hydrophilic
coatings, excellent controlled retention of the target analyte
and fast recovery by a magnet [10].

Despite the remarkable advantages of this combination, its
applications are still very scarce. Up to now, MCNPs have
been mostly used for the adsorption and removal of trace
metals, such as Hg(II), Pb (II), Cu(II), Ag(I) or Cr(VI), in
some environmental applications [11–14]. The potential of
MCNPs as analytical tools has been reported for the extraction
of pesticides in milk samples [15], polychlorinated biphenyls
(PCBs) in juice samples [16] and for ions and emerging pol-
lutants in waters [17, 18] but not in trace element speciation.
Therefore, the potential of MCNPs as analytical tools should
be further explored and extended to other application fields
where low concentrations of analytes must be determined and
preconcentration is needed, such as trace element speciation
analysis. Among the different cases of study within the ele-
mental speciation field, the analysis of mercury is of particular
relevance because it is one of the most toxic elements, with
severe impact on human health, and it naturally occurs at trace
l e v e l s i n d i f f e r e n t c h em i c a l s p e c i e s , ma i n l y
monomethylmercury (MMHg) and inorganic mercury
(Hg2+), with a distinct toxicological behaviour.

Up to now, most MSPEmethods applied for the analysis of
mercury species in water samples are based on conventional
sorbents. Accordingly, they are usually limited by the use of
expensive and/or not environmentally friendly raw materials
and the need of complex synthesis or functionalization of
MNPs [19–24]. Furthermore, some of them only enable the
selective adsorption and determination of one mercury species
[25–30]. The development of fast and reliable MSPE method-
ologies using eco-friendly sorbents and simple analytical
tools, which can simultaneously preconcentrate different mer-
cury species, becomes an analytical challenge.

Hence, the aim of this study is to develop and apply, for the
first time, an efficient procedure of MSPE based on the use of
MCNPs, an environmentally friendly sorbent, for the simulta-
neous analysis of MMHg and Hg2+ in water samples. The
simplification of the sample preparation combining in a single
step the preconcentration and the adequation of mercury

species for their further analysis by gas chromatography
coupled to atomic fluorescence detection (GC-pyro-AFS) will
be explored, too.

Experimental

Reagents, standards and materials

All reagents were of analytical grade and low mercury con-
tents in the case of acids. The stock standard solutions
(1000 mg L−1) of MMHg and Hg2+ were prepared by dissolv-
ing methylmercury chloride (Strem Chemicals, Newburyport,
USA, www.strem.com) in methanol and Hg (II) chloride
(Merck, Darmstadt, Germany, www.merckgroup.com) in 5%
HNO3, respectively. These solutions were stored in amber
glass bottles and kept at 4 °C until analysis. The working
standard solution for each individual mercury species were
prepared daily by diluting the stock solutions with ultrapure
water (resistivity ≥18 MΩ cm). Standard solutions of iron and
manganese in 2% HNO3 (1000 mg L−1) were purchased from
I n o r g a n i c Ven t u r e s ( L a k ewood , USA , www.
inorganicventures.com).

Iron (II) sulphate heptahydrate, cobalt (II) chloride, potas-
sium nitrate, cellulose microcrystalline (~50 μm particle size)
and humic acid sodium salt were purchased from Sigma-
Aldrich (Stenheim, Germany, www.sigmaaldrich.com).
Sodium chloride was obtained from Panreac (Barcelona,
Spain, www.itwreagents.com). Acetic acid and sodium
acetate used for the preparation of acetic-acetate 0.1 M buffer
(pH 3.9), hydrochloric acid (37%) and solvents (dichloro-
methane (DCM), acetonitrile (MeCN), isooctane and hexane)
were purchased from Scharlab (Barcelona, Spain, www.
scharlab.com). Sodium tetraethylborate (NaBEt4, 97%) used
as derivatizing reagent was supplied by Acros Organics
(Thermo Fisher Scientific, Geel, Belgium, www.acros.com).

Argon C-50 was used as a make-up and sheath gas at the
AFS detector, helium C-50 was employed as a carrier gas and
nitrogen C-50 was used for evaporation of the organic solvent.
All gases were obtained from Carburos Metálicos (Barcelona,
Spain, www.carburos.com).

Instruments

Mercury speciation analysis was performed with a non-
commercial hyphenated system which consists of a gas chro-
matograph (GC, Shimadzu GC-2010) coupled to an atomic
fluorescence detector (AFS, Millennium Merlin 10,025 P.S.
Analytical, United Kingdom) via a pyrolysis unit. Inductively
coupled plasma-mass spectrometry (ICP-MS) equippedwith a
collision cell (Thermo Electron Model XSeries II) was used
for the determination of total metal contents.
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For sample preparation with the MSPE procedure, a
NdFeB magnet (Eclipse Magnetics Ltd., UK), a ZX3 vortex
stirrer (Velp Scientifica, Usmate, Italy), an Elmasonic S 30 H
ultrasonic bath (Elma, Germany) and a centrifuge from
Selecta (Barcelona, Spain) were used. A heating module
(Reacti-Therm; Pierce, Rockford, IL, USA) with an evaporat-
ing unit was also employed for preconcentration.

Total organic carbon (TOC) was measured with a CHN
analyser (micro N/C fromAnalytic Jena). pH and conductivity
were measured in situ with a portable pH-meter (model GLP
20) and a conductimeter (microCM 2200 with temperature
measurement capability) supplied by Crison (Barcelona,
Spain).

Synthesis and activation of magnetic cellulose
nanoparticles

The protocol for synthesis of MCNPs was adapted from some
previously described ones in the literature [17, 31] and it is
carefully detailed in the Electronic Supplementary Material.

For activation of the nanomaterial, 25 mg of MCNPs were
vortexed for 1 min with 1 mL of ultrapure water three times
and then two times with 1 mL of MeCN as explained in a
previous work [17]. The solvents were discarded after each
step.

MSPE procedure and analysis of mercury species

For adsorption of mercury species, 10 mL of sample or stan-
dard was added to 25 mg of activated MCNPs in a 15 mL vial
and vortexed for 25 min. The mixture was exposed to a strong
magnet for 2 min. After that time, the solution became limpid
and the supernatant solution was completely decanted.

For desorption and ethylation of target analytes, 1 mL of
acetic-acetate buffer (0.1 M, pH 3.9), 1 mL of hexane and
0.25 mL of NaBEt4 (6%) were added to the vial containing
the MCNPs with the adsorbed mercury species and sonicated
for 15 min. The liquid phase was centrifuged at 600 g for
5 min. The organic layer containing the ethylated derivatives
of mercury species was stored at −20 °C until analysis. The
organic extract was further concentrated up to 30 times by
evaporation with nitrogen stream to achieve a volume of 25–
30 μL. Finally, the organic layer was injected into the GC-
pyro-AFS where the analytes were separated in less than
5 min. The optimal conditions for this hyphenated system
have already been described in the literature [32].

Sampling, preservation and preparation of water
samples

Water samples from the Valdeazogues River basin in the
Almadén mining district (Ciudad Real, Spain), placed around
the major mercury mines worldwide, were collected from

three sites (ALM-1 to ALM-3). Global positioning system
(GPS) coordinates of sampling points are indicated in
Table 1. Tap water was sampled from our lab after letting flow
for 10 min. In all cases, the bottles were rinsed three times
with the water before they were filled up. The samples were
transported to the lab in a cooler and then they were filtered
throughMillipore nylonmembrane filters (0.45 μm), acidified
with 0.5% glacial acetic acid for stabilization of mercury spe-
cies and stored in clean glass bottles at 4 °C before use.

Water samples were characterized by determination of dif-
ferent physicochemical parameters. Firstly, pH and conductiv-
ity were measured in situ. TOC were analysed in aliquots of
the samples taken before filtration and acidification. Finally,
total concentrations of mercury, iron and manganese were
determined by ICP-MS in the filtered and acidified waters.

Results and discussion

Optimization of the MSPE conditions

The parameters that affect the adsorption, including the sam-
ple pH, the amount of sorbent material, the sample volume or
the adsorption time, and several conditions influencing the
desorption were optimized. The adsorption efficiency (AE),
calculated as the difference between the initial concentration
of mercury species in the sample and the remaining content
after the adsorption, was the selected factor for the study of the
adsorption step. The extraction recovery (ER), calculated as
the ratio of the desorbed mercury species concentration to the
absorbed mercury species, was selected to assess the overall
MSPE procedure. Both ratios were expressed as a percentage.

Adsorption

The initial conditions were 10 mg of MCNPs, 5 mL of sample
containing 20 μg L−1 of MMHg and Hg2+, and 30 min of
vortex agitation. The magnetic nanomaterials were separated
rapidly from the solution by the external magnet and the su-
pernatant was decanted. To evaluate the efficiency of the ad-
sorption onto the MCNPs, 1 mL of the decanted solution
obtained after the adsorption step was added 5 mL of acetic-
acetate buffer (0.1M, pH 3.9), 1 mL of hexane and 0.25mL of
NaBEt4 (6%). Then, the mixture was manually shaken for
5 min and centrifuged for 5 min at 600 g. The organic layer
was stored at −20 °C until analysis by GC-pyro-AFS.

The first parameter to be optimized was the pH. This is a
critical parameter inMSPE because mercury species in natural
water samples are stabilized after sampling by addition of an
acid preservative. For that reason, the effect of pH on the
adsorption of analytes was investigated over the pH range of
1–6. Typically, strong acids such as nitric or hydrochloric
acids are used for this purpose. However, the lowest pH
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reached using both strong acids showed unsatisfactory results
(the AE were between 60 and 70% for both species at pH of 1
and below 80% at pH of 2). Accordingly, as the subsequent
adequation of mercury species for analysis should be per-
formed in an acetic-acetate buffered medium, it was consid-
ered that acetic acid, which has also been proposed as an
appropriate agent for stabilization and preservation ofmercury
species in waters [33], would be the best option to adjust the
pH without the addition of new ions to the sample. The AE of
both species was around 95% at pH 3, and then dropped
gradually to 74% and 77% for MMHg and Hg2+, respectively,
when pH values increased up to 6. Thus, pH 3 adjusted with a
0.5% CH3COOH solution was selected for the simultaneous
adsorption of the two target mercury species.

The adsorption time was also investigated to seek the min-
imum time that is enough to get quantitative results securely.
Thus, times from 5 to 30 min of vortex agitation were studied
keeping constant the other conditions. As it is shown in
Fig. 1a, the AE ofMMHg and Hg2+ increased apparently with
the increasing of adsorption time and achieved the maximum
value from 20 min with no further significant change in the
studied range. However, the selected time was 25 min to en-
sure a security margin in which quantitative adsorption is
obtained.

The optimum amount of MCNPs for the quantitative ad-
sorption of mercury species was evaluated from 5 to 40 mg.
Effective adsorption of MMHg and Hg2+ was found from
10 mg onwards, as it is shown in Fig. 1b, which demonstrates
the potential of MCNPs as sorbent even when a small amount
is used. Therefore, 10 mg was chosen because it allows the
quantitative adsorption of both mercury species with a mini-
mum consumption of material.

In order to achieve high preconcentration factors, a large
volume of sample is required. To study the effect of sample
volume on adsorption of the target mercury species, water
solutions (5, 10, and 15 mL) containing MMHg and Hg2+

each at 20 μg L−1 were prepared and subjected to the proce-
dure. The results exhibited that the AE had no significant
change for both species in the range of 5–10 mL (≥ 90%)
but it decreased when the sample volume increased to
15 mL (~ 80%). Hence, sample volume of 10 mL was fixed
for subsequent experiments.

Simultaneous desorption and derivatization

The analysis of mercury species based on a chromatographic
separation by GC requires a previous transformation of the
ionic mercury species into their volatile derivatives, which is
usually performed through derivatization. This process in-
volves two steps: 1) the reaction with the derivatizing reagent
(ethylation, in this case) in which the derivatives of mercury
species are generated, and 2) the extraction of derivatized
species into an organic solvent, which will be injected in theTa
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GC. The incorporation of this additional step after the desorp-
tion of mercury species from the sorbent would make the
whole sample preparation more tedious and time consuming.
For that reason, it would be most interesting to develop a
strategy which includes both desorption and derivatization in
a single step.

Therefore, preliminary experiments were devoted to the
selection of a suitable reagent for the simultaneous desorption
and extraction of derivatized mercury species. The derivatiza-
tion was carried out by ethylation with NaBEt4 (6%) in acetic-
acetate buffer at pH 3.9. Several reagents (hexane, DCM and
isooctane), previously reported as adequate for the extraction
of mercury species after derivatization, were tested. It was
observed that the use of DCM caused the loss of magnetic
properties of MCNPs, which led to difficulties in the separa-
tion of MCNPs and the organic layer using the magnet. In
contrast, both isooctane and hexane allowed an easy removal
of the organic phase, even though the desorption ability of
hexane was higher than that of isooctane with ER values rang-
ing 25–32% for isooctane and 39–44% for hexane.
Accordingly, hexane was chosen as an adequate solvent for
the simultaneous desorption of the ethylated mercury species.
Regarding the volume of organic solvent, the minimum vol-
ume that can be handled comfortably was 1 mL, so this was
set for all the experiments. Therefore, the derivatization and
extraction were performed by using 1 mL of acetic-acetate

buffer (0.1 M, pH 3.9), 0.25 mL of NaBEt4 (6%) and 1 mL
of hexane.

The parameters affecting desorption were initially studied
under the previously optimized adsorption conditions. Thus,
to assess the ER, 5mL of aMMHg andHg2+ standard solution
(pH 3) at 20 μg L−1 were adsorbed onto 10 mg of MCNPs by
vortexing for 25 min. Then, the MCNPs with the adsorbed
mercury species were separated by the magnet and the re-
agents needed for ethylation and desorption were added.
Thus, the target mercury species were simultaneously
derivatized and desorbed in hexane as previously described
after 10 min of sonication. Working under these conditions,
the ERs were not quantitative, so some parameters were re-
evaluated focusing now in the desorption step.

New experiments were carried out with a sample volume of
10mL increasing the amount of sorbent from 10 to 25mg, and
it was observed that the ER of bothmercury species went up to
90%. Therefore, 25 mg of the sorbent was chosen as the op-
timum amount of MCNPs for volumes of sample equal or
higher than 10 mL.

To improve the ER for the two analytes, the desorption–
sonication time was assessed from 5 to 20 min. The best ex-
traction recovery was obtained for 15 min (Fig. 2). This is due
to the complete mass transfer of bothmercury species from the
sorbent towards the organic solvent reached at that time.

Therefore, it was proved that working under the optimal
experimental conditions, a simultaneous desorption and deriv-
atization of both mercury species can be achieved, which sim-
plifies considerably the sample preparation step and it is one
of the main operational advantages of the present method.

Analytical characterization

The analytical performance of the procedure was evaluated.
The limits of detection (LOD) and quantification (LOQ) were
established as the sample concentration that caused a peak
with a height 3-fold and 10-fold the base line noise level,
respectively. The procedural LODs were 4.0 pg mL−1 and
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5.6 pg mL−1, while LOQs were 13.3 pg mL−1 and
18.6 pg mL−1 for MMHg and Hg2+, respectively.

Precision was evaluated as the relative standard deviation
(% RSD) of replicate measurements of intra-day (n = 4) and
inter-day assays (n = 4). Intra-assay precision was calculated
after injections during the same day of samples from four
independent experiments, whereas inter-assay precision was
measured on 4 consecutive days. The % RSD values for
MMHg and Hg2+ at 1 μg L−1 and 10 μg L−1, respectively,
were 4.8 and 3.1% for intra-day precision, and 6.7 and 4.8%
for inter-day precision, demonstrating the adequate repeatabil-
ity and reproducibility.

Batch to batch reproducibility was also investigated by
using MCNP composite sorbents corresponding to three inde-
pendent synthesis. These different nanomaterials were used
for the extraction of standards of MMHg and Hg2+ at
20 μg L−1 with comparable ER values for both mercury spe-
cies (% RSD was lower than 5%). It was also demonstrated
that there were no statistically significant differences between
the recoveries using the different batches (p = 0.083 > 0.05,
Student’s t test).

To evaluate the selectivity of the method, the potential in-
terference of co-existing ions and organic matter was also
investigated. For this purpose, 10 mL of the water containing
1.0 μg L−1 of MMHg and 10 μg L−1 of Hg 2+ were spiked
with different amounts of Fe3+, Mn2+ and humic acid (as sim-
ulator of natural organic matter) and then subjected to the
whole analytical procedure. As it is shown in Table 2, the
recoveries in presence of the other metal ionswere in the range
of 86.0–98.5% for MMHg and 83.5–92.0% for Hg2+, which
means that the interferences from these potential co-existing
metal ions are negligible. Although a slight decreasing trend in
recoveries with increasing concentrations of humic acid was
observed (Table 2), recoveries higher than 80% were found
even at high concentration (100 mg L−1) of humic acid, which
proved that this new approach for mercury speciation was

applicable to the analysis of environmental water samples
with complex matrices.

Reusability assessment

The potential reuse of the nanocomposite is an important fac-
tor for the assessment of the performance of the sorbent. The
reusability of the MCNPs was studied by performing several
adsorption and desorption cycles repeatedly under the opti-
mized experimental conditions. The adsorption of Hg2+ was
quantitative up to the fifth cycle and dropped to 75% in the
sixth one, whereas a slight decrease onMMHg adsorptionwas
already observed after reusing the MCNPs five times and this
decreasing trend continued in the sixth cycle. Nevertheless,
considering the whole MSPE procedure, it was found that
the MCNPs can be reused up to four times with quantitative
recoveries of mercury species in the range of 86–95%. ERs
below 80% (76–78%) were reported for both species after
reusing the MCNPs five times.

Table 2 Study of metals and
organic matter (simulated with
humic acid) interferences in the
determination of mercury species

Interferent Tested levels (mg L−1) Recovery (%)

MMHg (1.0 μg L−1) Hg 2+ (10 μg L−1)

Fe 0.10 86.0 ± 2.1 92.0 ± 2.8

0.50 92.0 ± 7.1 88.0 ± 5.7

Mn 0.10 98.5 ± 7.8 91.0 ± 4.9

0.50 95.0 ± 1.4 83.5 ± 2.1

Humic acid 1 96.0 ± 9.9 92.0 ± 2.8

10 92.5 ± 3.5 89.0 ± 0.7

100 84.0 ± 1.4 79.5 ± 2.1
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Analysis of real samples

The method was applied to water samples with different ma-
trices. Thus, three river water samples collected from the
Almadén mining district (Ciudad Real, Spain) and tap water
were analyzed. The main features of these samples are sum-
marized in Table 1. The pH values in river waters were be-
tween 7.4 and 8.3, whereas the pH of tap water was slightly
more acidic. As for conductivity, ALM-1 showed a value al-
most 2-fold higher (~500 μS/cm) than those presented by the
rest of the samples (200–300 μS/cm). Regarding the organic
matter, there were no large differences in TOC levels found in
Almadén waters with values ranging from 34 to 41 mg/L,
whereas the concentration in tap water was considerably lower
(<10 mg/L). The most remarkable differences in the physico-
chemical characteristics of the studied water samples were
reported in metal ions contents with variable concentrations
of Fe and Mn for each sample.

The natural concentrations of mercury species were in all
cases below the corresponding LOD. Thus, for the evaluation
of the MSPE procedure, filtered water samples were analyzed
in duplicate, both directly and after being spiked with mercury
species at two levels of concentration (0.1 and 1 μg L−1 for
MMHg and 1 and 10 μg L−1 for Hg2+).

Duplicate aliquots of 10mL of each real water sample were
submitted to analysis. The extraction recoveries, summarized
in Table 1, revealed that the mean ERs for MMHg and Hg2+

were quantitative in all cases with values ranging from 81 to
98%.

Figure 3 illustrates chromatograms obtained from an
Almadén water sample (ALM-3) spiked at a concentration

level of 0.1 and 1 μg L−1 for MMHg and Hg2+, respectively,
before and after the application of the MSPE, demonstrating
the high efficiency for preconcentration of mercury species of
the method.

Comparison with other methods

A comparison with other MSPE procedures previously used
for mercury speciation in water samples is summarized in
Table 3. The present work offers important advantages related
to: (i) the use of a biodegradable and environmentally friendly
nanocomposite as sorbent; (ii) the easy synthesis of MCNPs
without the need for an additional modification or
functionalization; (iii) the possibility of simultaneous extrac-
tion of MMHg and Hg2+; (iv) the high preconcentration effi-
ciency for both mercury species; and (v) a considerable save
of time in the sample preparation step due to the simultaneous
desorption and derivatization of mercury species in a single
step.

It is remarkable that this new approach is the only one using
a sorbent based on the combination of magnetic nanoparticles
with a renewable and eco-friendly nanomaterial such as
nanocellulose for MSPE, as opposed to the SiO2 based nano-
particles that are used in most works [19–21; 25–29]. In addi-
tion, most magnetic sorbents including SiO2 are core-shell
type, which tends to make synthesis and further
functionalization longer and more complicated [34].

Regarding the selectivity of the MSPE procedures, the
present method allows the simultaneous extraction and
preconcentration of the two main mercury species (MMHg

Table 3 Comparison of different MSPE procedures recently used for the determination of mercury species in water samples

Type of magnetic (Fe3O4) sorbent Target species Analytical technique Preconcentration factor LOD (pg mL−1) Reference

NC MMHg, Hg2+ GC-pyro-AFS 300 4–5.6 This work

CNTs MMHg GC-pyro-AFS 150 5.0 [25]

AuNPs Hg2+ CV-AFS 80 1.5 [29]

SiO2-γ-MPTS MMHg, Hg2+ ICP-MS 50 1.6–1.9 [19]

SiO2-γ-MPTS PhHg, MMHg, Hg2+ HPLC-ICP-MS 200 0.5–0.7 [21]

SiO2-IIMN MMHg CE-ICP-MS 250 0.08 [26]

SiO2-Thiol MMHg, Hg2+ HPLC-ICP-MS 200 0.3–1.0 [20]

SiO2-Thiol Hg2+ CV-AAS 16.6 60 [27]

SiO2–1,5-DPC Hg2+ CV-AAS 100 60 [28]

AAS atomic absorption spectroscopy, AFS atomic fluorescence detection, AuNPs gold nanoparticles, CE capillary electrophoresis, CNTs carbon nano-
tubes,CV cold vapour,DPC diphenylcarbazide,GC gas chromatography,HPLC high performance liquid chromatography, ICP-MS inductively coupled
plasma mass spectrometry, IIMN ion-imprinted copolymer, MMHg monomethylmercury, MPTS methacryloxypropyltrimethoxysilane, NC
nanocellulose, PhHg phenylmercury, pyro pyrolysis
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and Hg2+), which had been achieved previously only in a few
cases [19–21].

It can also be observed that the lowest LODs are reached by
methods based on the coupling of a separation technique with
ICP-MS detection [19–21, 26]. Nevertheless, the LODs
achieved in our work, with spectroscopic detection, are still
in the low pg mL−1 range.

Conclusions

MCNPs have been used in MSPE for the first time for trace
element speciation analysis. The present MSPE–GC-pyro-
AFS method allows the simultaneous extraction and
preconcentration of MMHg and Hg2+ and it was applied to
water samples of different characteristics. Desorption and de-
rivatization were achieved in one step, which greatly sim-
plifies the sample preparation process. The use of MCNPs,
an eco-friendly and reusable sorbent that can be easily
synthetized, is an important advantage in relation to other
MSPE methods. Overall, this new method is an interesting
and advantageous alternative for mercury speciation analysis
in water samples.
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