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Abstract A simple, rapid and eco-friendly deep eutectic
solvent-modified magnetic nanoparticles extraction method
has been reported for ligand-less separation/preconcentration
of lead(II) and cadmium(II) for the first time. The metal ions
interact with the deep eutectic solvent adhering to the magnet-
ic nanoparticles. Trapped analytes can be easily desorbed with
1.0 M nitric acid and determined by flame atomic absorption
spectrometry. The effects of pH value, type of deep eutectic
solvent, sample volume, nature and concentration of
desorbing solution, ionic strength and extraction time on the
extraction were optimized. Under the optimized experimental
conditions, the detection limits (defined as 3Sb/m) were 0.4
and 0.1 μg L−1 and the linear dynamic ranges were 2 to
250 μg L−1 and 0.5 to 30 μg L−1 for lead and cadmium,
respectively. The relative standard deviations for six replicate
measurements at 150 and 20 μg L−1 levels of lead and cadmi-
um were 1.8 and 2.1 %, respectively. A sample volume of
60 mL resulted in a preconcentration factor of 100. The sor-
bent showed high capacity for lead (25.0 mg g−1) and cadmi-
um (23.7 mg g−1). The method was successfully applied to the
determination of lead and cadmium in soil, hair and several
water samples.

Keywords Solid phase extraction . Flame atomic absorption
spectrometry . FTIR . Ionic liquid . Sea water analysis

Introduction

It is well known that lead and cadmium are toxic, and children
are more sensitive to these metals than adults. U.S. Environ-
mental Protection Agency (EPA) sorted lead and cadmium as
a Group B2 (probable) human carcinogen [1]. Lead and cad-
mium are not necessary elements in the body. In recent years,
concern has increased over the concentration of lead and cad-
mium in soil, drinking and natural waters. The World Health
Organization (WHO) recommends the maximum allowable
concentration limits of 10 and 3 ng mL−1 in drinking water
[2] and 300 and 3 μg g−1 in soil for lead and cadmium, re-
spectively [3] which requires a much greater sensitivity in
measurement than is obtainable by flame atomic absorption
spectrometry, the most attractive analytical method for metal
ions determination. Therefore, a preliminary preconcentration
of lead and cadmium is usually a necessary step. Procedures
reported in the l i terature for the separat ion and
preconcentration of lead and cadmium are generally solid-
phase extraction (SPE) [1, 2], liquid-liquid extraction [4],
cloud point extraction (CPE) [5], dispersive liquid–liquid
microextraction (DLLME) [6], coprecipitation [7] and solidi-
fied floating organic drop microextraction (SFODME) [8].

SPE is one of the most attractive methods used for the
separation and preconcentration of metal ions from complex
matrices, mainly because trace analyte preconcentration and
sample matrix removal are achieved at the same time [9].
However, the simplicity, selectivity and flexibility of working
conditions of SPE are dependent on the proper choice of a
sorbent. Among different sorbents, used for SPE, magnetic
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sorbents such as Fe3O4 have recently attracted much attention
[10–12]. This is due to such advantages as high surface area,
rapid isolation of sorbents from a large sample volume using a
strong magnet, short extraction process, ease of preparation of
sorbents and low cost [10–12]. However, bare MNPs suffer
from the basic disadvantage of having no affinity for the target
analyte. To overcome this problem, modification of magnetic
nanoparticles with different organic ligands [12], imprinted
polymers [13], and surfactants [14, 15] has been carried out.
Implementation of these modifications, however, leads to se-
rious risks for operators as well as damages to the environment
due to the toxic reagents consumption and generation of the
secondary waste. For this reason, recently, the modification of
magnetic nanoparticles has been done with ionic liquids [11,
16]. Ionic liquids (ILs) are classified as green solvents and
have excellent properties. However, most ILs suffers from
some limitations such as poor biodegradability and varying
toxicity and stability. Also, synthetic processes are non-
environment friendly and relatively expensive [17].

Deep eutectic solvents (DESs), a new generation of green
solvents, introduced by Abbot et al. (2003) have physico-
chemical properties similar to those of ILs but overcome the
limitations of ILs. These solvents are simply formed by
mixing two or more safe, cheap, renewable, biocompatible
and biodegradable organic components that are capable of
associating with each other through hydrogen bonding and
forming a compound that has a melting point far below that
of either component. A number of DESs are prepared by sim-
ply mixing and heating organic halide salts such as choline
chloride (i.e., a very cheap, biodegradable and non-toxic qua-
ternary ammonium salt) as the hydrogen bond acceptor
(HBA) with urea, organic acids, alcohols, amines or amides
as the hydrogen bond donor (HBD). Thus, production of DES
is much simpler and cheaper than that of ILs [18]. The phys-
ical properties of DESs such as freezing point, density and
viscosity can simply be varied in a broad range by changing
the relative amount of HBD and HBA. Among most DESs,
choline chloride:urea (with approximate freezing point, den-
sity and viscosity of 12 °C, 1.25 g cm−3 and 750 cP, respec-
tively) is the most popular one and have already been used
successfully in various studies. The use of DES as a green
solvent is growing in different research fields of chemistry
including organic and polymer synthesis, electrochemistry,
preparation, analysis and separation process [19–21]. Howev-
er, its use in separation and analysis of metal ions is limited. In
2004, Abbott et al. [22] characterized the physical properties
and phase behavior of a wide variety of DESs, and investigat-
ed the possibility of dissolution of metal oxides in them. In
2013, Tang et al. [23] used DESs as the extraction solvent in
the headspace-microextraction technique and developed a
procedure for the extraction of bioactive compounds. Habibi
et al. designed a digestive method using DES for the determi-
nation of Cu, Fe and Zn in fish samples [24]. Soylak et al.

(2014) [25] used DES for the extraction and determination of
iron in liver samples. We have recently used DESs as the
extraction solvent for separation and preconcentration of Pb
and Cd from edible oil prior to their determination by electro-
thermal atomic absorption spectrometry [26]. Thus, DESs
have a strong potential for routine trace metal analysis in bio-
logical samples, but their applicability as the extraction sol-
vent from aqueous phase is limited due to their miscibility
with water. According to our literature survey, there are only
two reports on the use of DESs as the extraction solvent for the
separation of proteins from aqueous media, but there is no
report for the extraction of metal ions. In 2015, Wang et al.
used DESs as the extraction solvent for the separation of pro-
teins from aqueous solutions. In one study, they used the con-
cept of salting out effect for the recovery of DES from aqueous
solutions and added a relatively high amount of salt to the
extraction vessel [27] while in another study, DES was sorbed
on the surface of Fe3O4 modified with graphene oxide through
an electrostatic interaction and then used for the extraction of
protein from aqueous solutions [10].

In this study, another approach was considered for the pos-
sibility of using DESs in the extraction of metal ions from
aqueous samples. In this attempt, the advantages of DESs
and magnetic nanoparticles were combined, and a novel, rapid
and simple deep eutectic solvent-mediated magnetic nanopar-
ticles (DES-MNPs) extraction method was developed for the
ligandless separation and preconcentration of lead and cadmi-
um from aqueous samples. Thus, DES and Fe3O4 nanoparti-
cles were simply added to the sample solution of analytes, and
the DES containing the target ions was trapped on the sorbent
and separated by the means of a strong magnet. The analytes
were desorbed by nitric acid, and the extracted metal ions
were then directly introduced to flame atomic absorption spec-
trometry (FAAS) for quantification. Compared with previous
reports of using DES as the solvent for aqueous-phase extrac-
tion, the method is much simpler, improves the extraction time
and cost of the process and combines the advantages of both
DES and magnetic nanoparticles.

Experimental

Reagents and standard solution

All the chemicals used throughout this study were of the
highest purity available and analytical reagent grades. Choline
chloride (ChCl, > 98 %), iron (II) chloride tetrahydrate and
iron (III) chloride hexahydrate were supplied by Sigma-
Aldrich (http://www.sigmaaldrich.com/china-mainland/
chemistry-product.html). High-purity ethylene glycol (EG),
oxalic acid (Ox) and urea were purchased from Merck Com-
pany (Darmstadt, Germany, http://www.merck.de). Double
distilled deionized water was used throughout the study. All
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the glassware was cleaned with 1 % (v/v) nitric acid and
deionized water. Stock standard solutions (1000 mg L−1) of
Pb(II) and Cd(II) were prepared from Pb(NO3)2 and Cd(NO3)

2.4H2O respectively. Working solutions were prepared on a
daily basis by serial dilutions of the stock solutions with
double distilled water.

Apparatus

All the measurements were done with an Analytik Jena novAA
300 (model 330, Germany, http://www.analytik-jena.de) flame
atomic absorption spectrometer. Hollow cathode lamps of lead
and cadmium and air-acetylene flame were used in all the mea-
surements. The operating conditions were as follows: wave-
length of 283.3 nm for Pb and 228.8 nm for Cd, spectral slit
of 1.2 nm and lamp current of 10 mA. The samples were intro-
duced to FAAS using a single line flow injection system
consisting a peristaltic pump (Ismatic,MS-REGLO/8-100, Swit-
zerland) with silicone rubber tubing, and a rotary injection valve
(Rheodyne, CA,USA) equippedwith a loop of 100μL capacity.
A personal computer was used to record the absorbance signal
profile. The pH measurements were carried out with a Metrohm
pHmeter (model 691, Switzerland, http://metrohm.com) using a
combined glass-calomel electrode. In addition, formagnetic sep-
arations a strong neodymium-iron-boron (Nd2Fe12B) magnet (1.
31 T) was used.

Synthesis of magnetite (Fe3O4) nanoparticles (MNPs)

Fe3O4 MNPs were prepared by the coprecipitation method
[11]. Fifty mL of an aqueous solution containing FeCl3.6H2O
(5.2 g) and FeCl2.4H2O (2.0 g) was heated at 80 °C for
15 min. Then, 10 mL of concentrated NH3 was added
dropwise. N2 gas was used as a protective gas in the whole
experiment. After completion of the reaction, the black pre-
cipitate was collected by an external magnetic field, washed
with water and ethanol and dried in an oven at 80 °C. The
average diameter of the obtained MNPs was approximately in
the range of 53.0±4.1 nm.

Preparation of deep eutectic solvents (DESs)

The DESswere synthesized bymixingmixture of ChCl with a
different hydrogen bond donor including ethylene glycol,
oxalic acid or urea, in a round-bottom flask [28]. The eutectic
mixtures were prepared by stirring the two components at
100 °C until homogeneous colorless liquids ware formed.

Sample preparation

The human hair sample was belongs to a 28-year-old man (not
colored, living in city of Yazd, Iran) and was prepared as de-
scribed elsewhere [29] i.e., it was washed with chloroform,

acetone and doubly distilled water, and dried at 60 °C. An exact
amount of the dried sample (1.0 g) was weighed in a beaker and
digested by 5 mL of concentrated HNO3 on a hot plate (initially
at 100 °C for 45min and then at 150 °C for 15min). Themixture
was cooled down to 70 °C, 20mL of 30%H2O2was added to it
and was heated to dryness to yield a whitish residue. Approxi-
mately, 10.0 mL of 0.1 mol L−1 HNO3 was added to the beaker
and the contents were heated at 100 °C for several minutes. After
cooling it to an ambient temperature, somewater was added to it,
the pH was adjusted to ~6.5, the mixture was diluted to 100 mL
in a volumetric flask, and 60 mL of it was treated according to
the given procedure.

A certain amount of the dried soil sample (0.2 g) was
placed in the beaker and 10 mL of concentrated nitric acid
was added to it. The content was heated on a hot plate to
dryness. After cooling, a second 10-mL portion of the concen-
trated nitric acid was added, and the procedure of heating was
repeated. Then, 10 mL of a concentrated hydrochloric acid
was added to the beaker, and the solution was gently heated
to complete dryness. After cooling, the residue was dissolved
in 10 mL of 1 mol L−1 HCl, the mixture was filtered through a
0.45 μm Millipore filter, and the filtrate was diluted with dis-
tilled water [30]. The pH was adjusted to ~6.5 and treated
according to the given procedure. For the recovery study of
solid samples a precise amount of analytes was added to the
samples prior to the digestion procedure.

Tap water, well water (Yazd, Iran), river water (Zayandeh
Rood River, Esfahan, Iran), and Caspian Sea water were fil-
tered through a 0.45 μmMillipore filter. The pH was adjusted
and treated according to the given procedure.

General procedure

For the preconcentration of Pb(II) and Cd(II), the pH of 60 mL
of aliquots of the standard or sample solution was adjusted to
~6.5 upon addition of diluted HCl or NaOH. Then, 200 μL of
DES (ChCl-urea 1:2.5) and 20.0 mg of MNPs were added, and
the mixture was stirred thoroughly for 10 min. At this stage,
there occurs the interaction of DESwithmetal ions as well as its
sorption to the MNPs. Subsequently, a strong magnet was
placed at the bottom of the beaker, and the sorbent containing
the analytes was collected. The bulk aqueous phase was easily
decanted, and the analytes were desorbed upon addition of
600 μL of nitric acid (1.0 mol L−1). Finally, the sorbent was
retained by means of a magnet, and the analytes in the super-
natant solution were determined by flame atomic absorption
spectrometry using a single line flow injection system.

Results and discussion

It was observed that, when nanoparticles of bare Fe3O4,
alumina or TiO2 are added to the aqueous solution
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containing DES (ChCl-urea 1:2.5), the eutectic solvent
acts as a hydroxy functionalized IL. It loses its liquid state
and is sorbed on the surface of nanoparticles probably
through strong hydrogen bonding and electrostatic
interaction with the functional groups on the surface of parti-
cles, and separates from the aqueous solution. This was con-
firmed by comparing the FTIR spectra of pure DES with
Fe3O4, alumina and TiO2 separated from the aqueous phase
containing DES. Thus, when the extraction process was com-
pleted, the sorbents were collected and dried in an oven, and
then their FT-IR spectra were recorded by the KBr pellet meth-
od (Fig. 1). As it emerges from the FTIR spectra, the appear-
ance of N-H, C=O and C-N at 3319, 1661 and 1605 cm−1 of
DES on the Fe3O4, alumina and TiO2 nanoparticles with some
shift indicates the sorption of DES on the surface of the sor-
bents. However, as the magnetic sorbent can reduce the pro-
cessing time through the elimination of the centrifugation or
filtration step, the Fe3O4 nanoparticles were selected as the
sorbent for further studies. The modified and unmodified
Fe3O4 sorbent was also characterized by thermal gravimetric
analysis (TGA). It was observed (as in Fig. 2) that, when the
temperature was raised from room temperature to 400 °C the
weight loss of DES sorbed on Fe3O4 was about 14 % due to
the loss of water and decomposition of DES whereas the
weight loss of unmodified Fe3O4 was about 2 %. However,
the sorbent withstood further increase at a temperature up to
700. Thus, based on the TGA curves, the amount of DES on
Fe3O4 was found to be about 12 %. Furthermore, the sorbent
were characterized by XRD, SEM and VSM. The XRD pat-
tern of Fe3O4 magnetite nanoparticles (Fig. S1) shows six
characteristic peaks for Fe3O4 (2θ=30.1, 35.5, 43.1, 53.4,
57.0, and 62.6°), marked by their indices ((220), (311),
(400), (422), (511), and (440)) which are consistent with those
reported in the literature. This revealed that the resultant nano-
particles are pure Fe3O4 with a spinel structure. The surface

morphology of the magnetic nanoparticles before and after
adsorption of DES was characterized by scanning electron
microscopy (SEM) (Fig. S2). As it is demonstrated the DES
is uniformly distributed on the magnetic nano particles, the
size of magnetic nanoparticles after adsorption of DES is not
significantly changed and is still in nano dimension. The mag-
netic properties of magnetic nanoparticles before and after
adsorption of DES were studied by vibrating sample magne-
tometer (VSM). It was found that (Fig. S3) the curve of mag-
netic hysteresis loop of Fe3O4 and DES-modified magnetic
nanoparticles are both S shape and the saturation magnetiza-
tion value of the DES-modified magnetic nanoparticles is
58.0 emu g−1 which is slightly lower than that of pure Fe3O4

(65.7 emu g−1). Thus, the saturation magnetization of DES-
modified magnetic nanoparticles is adequate to ensure its con-
venient separation from solutions by external magnetic field.

Finally, a simple, fast deep eutectic solvent-mediated mag-
netic nanoparticles (DES-MNPs) extraction method was de-
veloped for the ligandless separation and preconcentration of
lead and cadmium, as the model analytes, from aqueous sam-
ples. The factors affecting the process were optimized by a
univariable approach.

Optimization of experimental variables in deep eutectic
solvent-mediated magnetic nanoparticle (DES-MNP)
based extraction

The pH of a sample solution usually plays an important role in
the separation/preconcentration of metal ions. A proper pH
has a unique role in the interaction of DES with metal ions
and its chemical stability. It can enhance sorption efficiency
and reducematrix interference. The effect of the sample pH on
the extraction of Pb(II) and Cd(II) ions was investigated by the
designed method in the pH range of 3.0 to 9.0. The results
(Fig. S4) demonstrated that the extraction recovery of Pb(II)
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Fig. 1 FT-IR spectra of MNPs
(a), DES (b), DES mediated
Fe3O4(C), DES mediated alumina
(d) and DES mediated TiO2 (e)
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and Cd(II) ions increased by an increase in pH from 3.0 to 6.0
and becamemaximum and constant at a pH above the isoelec-
tric pH of Fe3O4, i.e., in the range of 6.0 to 7.5. A pH of
approximately 6.5 was chosen for the subsequent works, as
it was more convenient.

The selection of type and composition of DES may have a
significant role in the extraction efficiency and selectivity of
metal ions. Two hundred μL of three types of DES including
ChCl-Ox, ChCl-Urea and ChCl- EG at the mole ratio of 1:2
was tested to find the best type of DES for DES-MNP extrac-
tion. The highest extraction recovery was obtained when urea
was used as a hydrogen bond donor (Fig. S5). Therefore,
ChCl-urea was selected as the best type of DES for the extrac-
tion of target ions. The relative amount of HBD and HBA of
DES was found to have a significant effect on the recovery of
analytes. To find the best composition of ChCl-urea for ex-
traction, several experiments were performed with 200 μL of
ChCl-urea solvents with different mole ratios of ChCl and
urea. It was observed that the extraction recovery of Pb(II)
and Cd(II) was maximized at the molar ratio of 1 to 2.5 of
ChCl and urea and then remained constant at higher molar
ratios. The increase in extraction efficiency at higher molar
ratios of urea can be attributed to the increase in the interaction
of nitrogen donor moiety of urea in the ChCl-urea solvent with
analytes. Therefore, a 1:2.5 ChCl-urea DES was chosen as the
extracting solvent for the subsequent work.

In order to select an optimum volume of DES, several
experiments were performed in which 60 mL of each sample
was subjected to the recommended extraction procedure with
varying amounts of DES but in other experimental constant
conditions. It is observed that the extraction recovery of lead
and cadmium were low (approximately 25–30 %) in the ab-
sence of DES but remarkably increased when the amount of
DES was increased up to 200 μL and then reached a plateau.
This observation can be explained based on the fact that an
increase in the amount of DES to a certain volume causes

further metal solvents interaction as well as the sorption of
metals onto the MNPs.

The effect of the mass of MNPs on the recovery of Pb(II)
and Cd(II) was also studied. It was found that the recovery of
both analytes would increase by an increase in the MNPS
mass up to 15 mg. However, for higher amounts of MNPs,
the extraction efficiency was approximately constant. So, a
mass of 20 mg of MNP was selected as the optimum amount
for further studies. Another significant factor affecting the
extraction efficiency is the contact time between MNPs,
DES and metal ions. Experiments revealed that the recovery
of the analytes increased with an increase in the extraction
time up to 10 min and leveled off at a higher extraction time.
Therefore, an extraction time of 10 min was selected for the
subsequent experiments.

The nature, concentration and volume of the desorbing
solution can have an important effect on the recovery and
measurement process. The desorbing solutions must be capa-
ble of complete desorption of analytes in a minimum volume
in a short time, and it must not interfere in the measurement
process. In order to find the best desorbing solution, the pos-
sibility of desorption of analytes by 600 μL of various
desorbing solutions including nitric acid, thiourea and acetic
acid was tested. The recoveries were found to be higher with
nitric acid. Then, the effect of the concentration of the
desorbing solution on the recovery of analytes was studied
by varying its concentration in the range of 0.2–2.0 mol L−1.
It was found that the recovery of analytes increased with an
increase in the nitric acid concentration up to 1.0 mol L−1 and
became constant at a higher concentration. Therefore, nitric
acid with a concentration of 1.0 mol L−1 was selected for
further experiments. Moreover, the effect of the volume of
eluent was investigated in the range of 400.0–1000.0 μL.
The results revealed that 600.0 μL of nitric acid was sufficient
for the quantitative recoveries of analytes. Thus, to achieve a
high preconcentration factor, 600.0 μL of nitric acid
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(1 mol L−1) was chosen as the optimum desorbing solution in
the subsequent experiments.

The effect of desorption time was also studied by varying it
between 0 and 60.0 s. It was found that desorption of analytes
from the sorbent was very fast, and the recovery of analytes
was maximum and almost independent of the desorption time.
Therefore, the desorption time of 5 s was selected for the
complete desorption of analytes from the sorbent.

The influence of ionic strength on DES-MNP performance
was studied by varying the NaCl concentration from 0 to 40%
(w/v) under other constant experimental conditions. The re-
sults confirmed that the recovery of analytes was not signifi-
cantly influenced by increasing the NaCl concentration. This
indicates the capability of the method for the extraction of
analytes from saline samples such as sea water.

Sample volume is one of the most important key parame-
ters that influences the achievable preconcentration factor and
demonstrates the possibility of extraction of low amounts of
analytes from a large sample volume. Thus, the effects of
sample volume on the extraction efficiency of 9 of Pb and
1.2 μg of Cd from different sample volumes (20–80mL) were
investigated. It was found that the recoveries of analytes were
quantitative up to 60 mL, and then they decreased with further
increase in the sample volume. By considering the sample
volume of 60 mL and the volume of the desorbing solution
(600 μL), a preconcentration factor of 100 was determined for
both analytes.

Sorbent capacity

In order to determine the maximum amount of analytes that
can be extracted by the sorbent, the pH of 100 mL of a sample
solution containing 30 and 20 mg L−1 of lead and cadmium
respectively was adjusted to ~6.5, and 1 mL of DES along
with 90 mg of MNPs was added to it. Then, the mixture was
stirred for sufficient time to guarantee the achievement of
equilibrium in the extraction system. Then, the amount of
analytes in the supernatant solution was measured by FAAS.
The amount of analytes extracted by the sorbent was deter-
mined from the differences of the concentration of lead and
cadmium in the initial and final solutions. The capacity of the
sorbent was found to be 25.0 and 23.7 mg g−1 for lead and
cadmium respectively.

Effect of interfering ions

The influence of common ions, often present in real samples,
on the recovery of lead and cadmium was investigated. The
tolerance limit of each interfering ion was taken as the largest
amount of the added ion causing a ±5 % error on the recovery
of 7.2 and 0.9 μg of Pb and Cd respectively. The results
(Table S1) indicate, the presence of K+, Na+, Ca2+, NO3

−,
Cl−, SO4

2−,Sb3+, Al3+, Mg2+ and Ba2+ at the mole ratio of

1000, Cr3+, Mn2+ and Ni2+ at the mole ratio of 800 and
Cu2+ and Zn2+ at the mole ratio of 200 had no significant
influence on the extraction and determination of analytes
(Table S1). Thus, the method offers high selectivity for the
determination of lead and cadmium. It should be noted that
the selectivity of the method can be controlled through proper
tailoring of DES.

Figures of merit

The analytical characteristics of this method including dynam-
ic range, correlation coefficient (R2), limit of detection, rela-
tive standard deviation (RSD) and enhancement factor under
optimized conditions were investigated for lead and cadmium.
The method showed linearity in the wide range of 2 to
250 μg L−1 and 0.5 to 30 μg L−1 with correlation coefficients
of 0.9993 and 0.9991 for Pb and Cd respectively. The limits of
detection defined as 3Sb/m (where Sb is the standard deviation
of the blank and m is the slope of the calibration graph) were
0.4 and 0.1 μg L−1 for lead and cadmium respectively. The
enhancement factors, defined as the ratio of the slope of the
calibration curves with and without preconcentration, were
found to be 99 and 97 for Pb and Cd respectively. The close-
ness of enhancement factors to the preconcentration factor of
100 indicates that the extraction process is a quantitative one.
There were only small deviations observed amongst consecu-
tive determinations of lead and cadmium (i.e., R.S.D=1.8 and
2.1 %, for six replicate measurements at the concentration
level 150 and 20 μg L−1 for Pb and Cd respectively).

Comparison with other methods

The method was compared to various preconcentration tech-
niques reported recently in the literature for the separation,
preconcentration and determination of lead and cadmium by
FAAS and the results are summarized in Table 1. As it can be
seen the method provides lower LODs and higher
preconcentration factors for Pb and Cd than most other
methods. The sorbent capacity is also higher. Moreover, the
DES-MNPs extraction method is fast and is capable of effec-
tive separation and preconcentration of lead and cadmium
from complicated matrices.

Application

The applicability of the method was examined by analyzing a
synthetic sea water sample (having the composition (mol L−1)
NaCl 0.485, MgCl2 0.056 and CaSO4.2H2O 0.01), tap water,
well water, river water, Caspian Sea water as well as soil and
hair samples. The results are summarized in Table 2. The
accuracy of the method was verified by spiking experiments
and comparing the results with those obtained by independent
analyses using electrothermal atomic absorption spectrometry
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(ETAAS). The recoveries of the spiked samples (Table 2) fluc-
tuate in the range of 95.0 to 105.0 %, suggesting that the
method is accurate, reliable and independent of the presence
of salts. Furthermore, Table 2 indicates that, at the 95 %

confidence level, there is satisfactory agreement between the
results and the data obtained by the independent analysis.
Thus, the method is reliable for the analysis of lead and cad-
mium in the sample types examined.

Table 2 Determination of Pb(II) and Cd(II) ions in real samples

Sample Added (μg L−1) Founda (μg L−1) Recovery (%) ETAASa

Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II) Pb(II) Cd(II)

Synthetic sea water 100 15 102.4±3.8 14.6±0.5 102.4 97.3 100.9±4.6 15.2±0.6

200 25 198.7±2.3 25.2±0.9 99.3 100.8 201.5±7.8 24.8±1.1

River water 0 0 9.12±0.08 3.12±0.06 – – 9.16±0.18 3.18±0.12
5.00 1.00 14.14±0.15 4.08±0.03 100.4 96.0

10 2.00 18.93±0.31 5.15±0.14 98.1 101.5

Tap water 0 0 3.14±0.09 N.D – – 3.19±0.14 N.D
5.00 1.00 7.95±0.11 0.96±0.01 96.2 96.0

10 2.00 12.97±0.13 2.05±0.08 98.3 102.5

Well water 0 0 6.11±0.21 0.73±0.03 6.21±0.31 0.75±0.04
5.00 1.00 11.25±0.09 1.76±0.08 102.8 103.0

10 2.00 15.84±0.13 2.76±0.10 97.3 101.5

Caspian Sea water 0 0 4.13±0.07 1.56±0.07 4.19±0.19 1.61±0.08
5.00 1.00 8.95±0.19 2.51±0.05 96.4 95.0

10 2.00 14.21±0.13 3.51±0.14 100.8 97.5

Soil (μg g−1) 0 0 15.18±0.27 2.14±0.10 15.11±0.33 2.20±0.08
5.00 1.00 20.27±0.29 3.11±0.07 101.8 97.0

10 2.00 24.91±0.42 4.07±0.11 97.3 96.5

Hair (μg g−1) 0 0 4.31±0.09 0.61±0.03 4.20±0.15 0.59±0.02
5.00 1.00 9.27±0.18 1.66±0.08 99.2 105.0

10 2.00 14.40±0.28 2.64±0.05 100.9 101.5

a Average and standard deviation of three independent analysis

Table 1 Comparison of the method with other SPE reported for separation and preconcentration of Pb(II) and Cd(II) prior to their determination by
FAAS

Sample types Sorbent Analyte LOD
(μg L−1)

RSD
(%)

LDR (μg L−1) PF Sorption
capacity (mg g−1)

Ref.

Tea and water samples Polyurethane foam/
Me-BTANC

Pb 2.0 3.10 100–5000.0 37.0 4.4 [31]
Cd 0.8 4.40 10–1000.0 37.0 3.0

Marine samples Sulfur-nanoparticle-loaded
alumina

Pb 0.6 4.8 1.0–60.0 83.3 4.6 [32]
Cd 0.3 2.4 0.8–30.0 83.3 0.8

Food and water samples Multiwalled carbon nanotube Pb 0.6 <5 – 80.0 10.3 [33]
Cd 0.4 <5 – 80.0 9.5

Soil and water samples Surfactant loaded Fe3O4

nano-particle
Pb 0.7 3.82 100.0–1000.0 25.0 – [14]
Cd 0.1 3.15 1000.0–10000.0 25.0 –

Food and water samples α-Benzoin oxime immobilized
SP70 chelating resin

Pb 16.0 <10 – 75.0 – [34]
Cd 4.2 <10 – 100.0 –

Tea and magnesium salts Cellulose nitrate membrane filter Pb 0.9 <8 – 50.0 – [35]
Cd 0.08 <8 – 50.0 –

Human hair, soil and
water samples

DES mediated magnetic nano
particles

Pb 0.4 1.8 2.0–250 100.0 25.0 This
workCd 0.1 2.1 0.5–30.0 100.0 23.7

LOD limit of detection, RSD relative standard deviation, LDR linear dynamic range and PF preconcentration factor
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Conclusion

In this article, a new approach was examined for the use of
DESs as the green solvents extract metal ions from aqueous
samples. The advantages of DESs and magnetic nanoparticles
were combined, and for the first time a rapid, simple, and eco-
friendly deep eutectic solvent-mediated magnetic nanoparti-
cles (DES-MNPs) extraction method was developed for the
ligandless separation and preconcentration of lead and cadmi-
um from aqueous samples. The selectivity of the method can
be controlled through proper tailoring of DESs. In comparison
with other reported methods, the method has a higher
preconcentration factor and a lower detection limit. Also,
due to the use of DES, the method is compatible with green
chemistry.
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