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Abstract

This study proposed a fast, feasible, and sensitive method for nickel preconcentration and separation in different actual sam-
ples through the use of deep eutectic solvent based dispersive liquid-liquid microextraction (DES-DLLME). This method
involves dissolving a suitable extraction solvent in a dispersive solvent and its rapid syringing into water sample to obtain a
turbid solution. Phase separation could be then carried out by centrifugation and the analyte can be determined. 2,2'-furildi-
oxime was employed as the chelating agent through formation of a hydrophobic complex with nickel. To reach maximum
recovery, some variables including type and volume of dispersive solvent, volume of extraction solvent, pH, 2,2'-furildi-
oxime concentration, and salt concentration were optimized. Under optimal conditions, nickel calibration graph was linear
in the range of 5.0-100 pug L~!. The detection limit and preconcentration factor were obtained as 1.7 ug L™! and 40 ug L™},
respectively. Finally, this method was successfully applied for the extraction and determination of nickel in water samples

with a relative recovery of 98.8-101.0%.

Keywords Deep eutectic solvent based dispersive liquid—liquid microextraction - 2,2'-Furildioxime - Nickel - Water

samples

Introduction

As an important trace element in nature, nickel can be either
essential or toxic for many biological systems depending
on its concentration range. Nickel is the metallic consti-
tute of urease enzyme and, hence, should be regarded as an
essential substance for plants and some domestic animals.
The essential role of nickel for human health has not yet
been proven. Nickel enters waters from dissolution of rocks
and soils, biological cycles, atmospheric fallout, especially
from industrial processes and waste disposal [1]. These facts
explain the importance of monitoring nickel concentration
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in natural waters and food samples from public health and
environmental point of view. In comparison with other tran-
sition metals, nickel is relatively toxic and has been clas-
sified as one of the 13 priority metallic pollutants by US
EPA [2]. According to the international regulation on water
quality, the approved content of nickel in drinking water is
20.0 ug L' [1]. Allergic reactions, respiratory system can-
cer, skin disorder known as nickel-eczema can be mentioned
as some of the nickel-induced effects on human health [3,
4]. Thus, the determination of nickel in various real samples
is inevitable.

Owing to their enough detection limits, techniques like
electrothermal atomic absorption spectrometry (ETAAS),
inductively coupled plasma mass spectrometry (ICP-MS)
or inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES) are capable of direct nickel detection in real
samples. However, the required instruments are expensive,
with high maintenance cost and various types of inherent
interferences. Among numerous analytical methods for the
determination of metals, flame atomic absorption spectrom-
etry (FAAS) has been extensively employed due to its fast
analysis, relative simplicity, and lower cost. However, its
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sensitivity is usually not enough to detect low concentrations
of an analyte in real samples. Initial preconcentration and
separation procedures have been carried out for achieving
concentration within the range of FAAS detection limits [5,
6].

Some of the common techniques for nickel separation
and preconcentration include liquid-liquid extraction [7],
coprecipitation [8], ion-exchange [9], solid-phase extrac-
tion [10-17], cloud point extraction [18], and liquid phase
microextraction [19]. However, some of these methods are
typically time consuming and labor-intensive and have mul-
tiple procedures that prone to loss of analytes, need high
volume of sample and large amounts of high-purity organic
solvents which are harmful to health and cause environmen-
tal problems. A rapid microextraction procedure known as
dispersive liquid-liquid microextraction (DLLME) was first
introduced in 2006 [20]. This procedure involves the fast
injection of a mixture of high-density organic extraction
solvent and a water miscible disperser solvent into an aque-
ous sample. The resultant cloudy solution provides a huge
interface area between the fine droplets of extraction solvent
and the bulk sample solution. In this extraction method, any
component in the solution, directly or indirectly after previ-
ous derivatization reactions, interacts with the fine droplets
of extraction solvent, and consequently, gets extracted from
the initial solution. Usual extraction solvents in conventional
DLLME are common volatile organic solvents with potential
toxicity for humans and the environment. To overcome this
problem, room temperature ionic liquids (ILs) have been
recently introduced as the substituting solvents in DLLME
and other sample preparation methods, due to their unique
chemical and physical properties such as negligible vapor
pressure, non-flammability, good extractability for different
organic compounds and metal ions as neutral or charged
complexes, in addition to adjustable viscosity and miscibil-
ity with water and organic solvents which makes them an
attractive choice for separation purposes [21-26]. In spite
of all these benefits, these solvents have some drawbacks
like toxicity, poor biodegradability, and high cost. Therefore,
their application in routine analysis is not recommended.

In recent years, green and new types of ionic liquid sol-
vents, termed deep eutectic solvents (DESs), have drawn
considerable attention in analytical and engineering fields
[27, 28]. The use of DESs was first reported by Abbott et al.
in 2003 [29], which involved mixing a hydrogen bonding
acceptor (HBA) with a hydrogen bonding donor (HBD) fol-
lowing continuous heating and stirring. This eutectic mix-
ture benefits from a far lower melting point in comparison
with the original HBA and HBD. Owing to their character-
istics similar to those of ionic liquids, such as eco-friendli-
ness, small volatility, and tunable viscosity, DESs are always
labeled as ‘ionic liquid analogues’ [30, 31]. In comparison
with ionic liquids, which are the most popular green solvents
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[32-34], DESs are benefited by low cost, simple synthesis,
biodegradability [35], strong solubility [36, 37] and even
lower toxicity [38, 39]. Thus, DESs have become favorite
solvents for scientific research and substituted conventional
volatile organic solvents and ionic liquids.

This research applied deep eutectic solvent based disper-
sive liquid-liquid microextraction method for a sensitive
and precise determination and preconcentration of nickel in
water samples. In this method, a water-immiscible DES was
used as the extraction solvent in the DLLME of nickel from
water samples for the first time. Effective parameters were
studied and optimized to achieve high-extraction efficiency.

Experimental
Reagents

In this study, analytical reagent grade chemicals were
applied. 1000 mg L~! nickel in 0.5 mol L~! HNOj, stock
standard solution was provided using nickel nitrate (Merck,
Darmstadt, Germany). Lower concentrations of standard
solutions were also prepared by diluting the stock standard
solution.

The other materials including nitric acid, sodium hydrox-
ide, ethanol, methanol, acetonitrile, acetone, sodium nitrate,
2,2'-furildioxime, (2-hydroxyethyl)-trimethylammonium
chloride (choline chloride) (ChCl), and 4-boromo phenol
(BPh) were supplied from Merck (Darmstadt, Germany).
Certified reference materials NIST SRM 1643e (National
Institute for Standards and Technology, Gaithersburg, MD,
USA) were also utilized. The glassware was washed by
deionized water and then kept in 10% (v/v) nitric acid (for
24 h), followed by several times washing with deionized
water.

Instruments

Nickel determination was carried out by use of an atomic
absorption spectrometer, SensAA (GBC, Australia), at
a wavelength of 232.0 nm. Background was corrected by
deuterium lamp. Phase separation was achieved by a centri-
fuge (Hettich, EBA 20, Germany). PH was measured by a
Metrohm digital pH-meter model 827 (Metrohm, Herisau,
Switzerland) combined with a glass electrode.

DES preparation

ChCl1 (1.39 g) and BPh (3.46 g) were added to a 10-mL
screw cap tube. It was then placed into a water bath at 75 °C
for 10 min after closing its cap. Afterwards, it was sonicated
for 5 min. This heating/sonicating cycle was repeated once
again to obtain a homogeneous liquid. The prepared DES
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had the viscosity and density of 1.32 Pa S and 1.21 gcm™
respectively, at 20 °C.

Extraction procedure

40.0 mL of analyte-containing solution, 0.8 x 10~ mol L™!
2,2'-furildioxime, and 1 mol L~! ammonia buffer (pH 9)
were added to the glass test tube. Then, the mixture of
0.1 mL methanol (dispersive solvent) and 0.1 mL of the
DES (extraction solvent) were rapidly injected to the aque-
ous solution utilizing a glass syringe. Injection resulted in
the turbidity of the solution due to dispersion of small DES
droplets in the solution. After centrifugation at 4000 rpm for
5 min, the dispersed DES droplets formed sediments at the
bottom of the tube. DES sedimentations were made up to
1 mL by adding 1.0 mol L™! ethanolic HNO,. The resultant
solution was then manually injected into FAAS. Schematic
diagram of the synthesis of DES and nickel preconcentration
by DES-DLLME is depicted in Fig. 1.

Results and discussion

The effect of pH

In the process of ions extraction, the complex and extraction
efficiencies are highly related to pH value. The pH range of

1.0-10.0 was investigated to find the optimal pH value. The
results indicated nearly constant recovery in the pH range

o

S
HO._—N-CH; Cl

of 7-9 (Fig. 2). Lower recovery at pH values lower than 7
could be attributed to the competition between H* and Ni**
in forming the complex [40]. Finally, pH 9 was chosen as
the optimal value and pH adjustment was accomplished by
use of 1 mol L™! of ammonia buffer.

The effect of chelating agent concentration

To optimize 2,2'-furildioxime concentration, the range of
2%x107°-1.0x 107> mol L~! was examined and extraction
efficiencies were obtained (Fig. 3). Results revealed that the
complete extraction of nickel occurred at concentrations
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Fig.2 The effect of pH on extraction recovery of nickel. (Sample vol-
ume: 40 mL; nickel concentration: 20.0 pug L™; ligand concentration:
0.8% 1072 mol L™!; DES volume: 0.1 mL; disperser solvent: 0.1 mL
methanol)
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Fig. 1 Schematic diagram of a synthesis of DES, b preconcentration of nickel by DES-DLLME
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Fig.3 The effect of ligand concentration on extraction recovery of
nickel. (Sample volume: 40 mL; nickel concentration: 20.0 ug L™';
pH 9; DES volume: 0.1 mL; disperser solvent: 0.1 mL methanol)

over 6.0x 107 mol L=!. In this regard, 0.8 x 10~ mol L™!
2,2'-furildioxime was selected to overcome other extract-
able species.

The effect of extraction solvent type

The component of DES has significant influence on its
physicochemical properties, such as polarity, viscosity, and
dissolving capacity, which directly affects the extraction effi-
ciency of target compounds. Therefore, three different DESs
including ChCl:4-bromophenol (DES-1) (1.39 g:3.46 g),
ChCl:4-chlorophenol (DES-2) (1.39 g:2.56 g), and ChCl:p-
cresol (DES-3) (1.39 g:2.16 g) were examined as extraction
solvents [27]. In all cases, DESs were synthesized accord-
ing to “DES preparation”. Comparison of the extraction
recoveries obtained with different DESs [DES-1 (99.9%),
DES-2 (95.3%), DES-3 (85.6%)] showed that DES-1
(ChCl: 4-bromophenol) was the best extraction solvent and
it was used as the optimum extraction solvent in further
experiments.

Structural characterization of extraction solvent

The structural characterizations of prepared DES were con-
ducted through use of Fourier transform infrared spectros-
copy (FT-IR). Figure 4 displays the infrared spectrum of
DES in which a broad band at 3206 cm ™! is associated with
the stretching vibration of O—H groups of BPh in the DES.
Due to intermolecular hydrogen bonding between BPh and
ChCl, the wave number of the OH group in DES was shifted
in comparison with BPh.

The effect of extraction solvent amounts
To evaluate the extraction solvent volume influence, several

volumes of DES in the range of 0.1-0.9 mL were assessed.
The impact of this parameter on the recovery of nickel is

@ Springer
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Fig.4 Infrared spectrum of DES

represented in Fig. 5, in which by increasing the DES vol-
ume from 0.1 to 0.3 mL, the recovery remained constant and
then declined. In higher DES volumes, the organic phase
volume rose. The larger volume of organic phase resulted in
the enhancement of the viscosity of the samples as diluted to
1.0 mL with ethanolic HNOj;. The enhanced viscosity seri-
ously reduced the sampling efficiency of FAAS’s pneumatic
nebulization [41, 42]. Hence, 0.1 mL of DES was selected
as extraction solvent.

The effect of disperser solvent type and volume

Miscibility, toxicity, and price are among the important
factors influencing the choice of the disperser solvent. The
miscibility in the extraction solvent and the aqueous sample
has a direct relationship with the formation of the turbid
solution. In this content, acetone, acetonitrile, methanol,
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Fig.5 The effect of extraction solvent volume on extraction recovery
of nickel. (Sample volume: 40 mL; nickel concentration: 20.0 ug L™!;
pH 9; ligand concentration: 0.8 107> mol L™'; disperser solvent:
0.1 mL methanol)
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and ethanol were addressed. Based on the results [ace-
tone (92.0+2.5%), methanol (100.0 +2.2%), acetonitrile
(87.0+2.3%), and ethanol (93.0+2.4%)], methanol was
chosen due to its higher recoveries as demonstrated in Fig. 6.

After the determination of the disperser solvent type, its
volume had to be studied. In this regard, various experi-
ments were conducted with different volumes of methanol
(0.1-1.1 mL) in different amounts of DES. Figure 7 dem-
onstrates the nickel recovery versus the methanol volume.
Clearly, when the volume of methanol was increased from
0.1 to 0.3, the recovery remained constant and then reduced.
The lower recoveries at larger methanol volumes could be
attributed to the enhanced solubility of the complex in water.
Accordingly, 0.1 mL of methanol was considered as the opti-
mal value.

The effect of the type of diluting solvent

For selecting the best type of diluting solvent, acetone, ace-
tonitrile, methanol, and ethanol were investigated. Figure 8
demonstrates the absorbance versus type of diluting solvent.
According to obtained results, we chose methanol because
of the higher sensitivity.

The effect of ionic strength

Salt addition to the aqueous solution will generally lead
to a decline in the organic compounds’ solubility in water;
hence improving the analyte extraction. Various experi-
ments in the presence of 0-35% w/v NaNO; were car-
ried out to examine the effect of ionic strength on DES-
DLLME performance. The results revealed no significant
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Fig.6 The effect of type of disperser solvent on the extraction
recovery of nickel. (Sample volume: 40 mL; nickel concentration:
20.0 pg L™'; pH 9; ligand concentration: 0.8 10~ mol L™!; DES
volume: 0.1 mL; disperser solvent: 0.1 mL)
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Fig.7 The effect of disperser solvent volume on the extraction recov-
ery of nickel. (Sample volume: 40 mL; nickel concentration: 20.0 pg
L~'; pH 9; ligand concentration: 0.8 X 10~ mol L™'; DES volume:
0.1 mL; disperser solvent: methanol)

effect of ionic strength on the extraction efficiency and
sensitivity up to 35.0%.

The effect of matrix

The impacts of different cations and anions on Ni>* recov-
ery were also addressed in this study. Changes in recovery
higher than + 5% were regarded as interference for nickel
preconcentration and determination. Table 1 verifies that
this method can lead to acceptable results in nickel deter-
mination for real samples.
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Fig.8 The effect of type of diluting solvent on the absorbance. (Sam-
ple volume: 40 mL; nickel concentration: 20.0 ug L™!; pH 9; ligand
concentration: 0.8x 107> mol L™!; DES volume: 0.1 mL; disperser
solvent: 0.1 mL methanol)
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Table 1 Effect of interfering ions on the extraction of nickel
(S0 pgL™h

Interfering ions TIon/Ni(II) Recovery (%)
ratio
(wiw)
K*, Nat, Lit, Ca?*, Ba?*, Mg?*, NO;~ 10,000 100.0
PO~ Cd**, Mn?*, Zn?*, AI**, Pb?*, 100 99.9
S0,*, CO>~, Fet, Fe**, CI, F~,
Br, I™
Cro, >, cr*t 80 99.8
Cu’*, Co** 50 100.0

Table 2 Analytical characteristics of the method

Parameter Analytical feature

Calibration curve equation A=0.0053 C+0.0197

(R*=0.9998)
Linear range, pg L™ 5-100
Limit of detection, ug L™ (n=10) 1.7
RSD? (%) 2.0
Preconcentration factor 40

aNi concentration was 20 ug L™ for which RSD was obtained

Table 3 Determination of nickel in certified reference material

Sample Certified Found?® (ug L™ Recovery (%)
(ngL™H
NIST SRM 62.41+0.69 62.34+1.25 99.9
1643e

*Mean of replicate experiments (n =3) + standard deviation

varies from 5.0 to 100.0 ug L™' (4 =0.0053 C+0.0197,
R?= 0.9998); the relative standard deviation (RSD)
and limit of detection (LOD) were also 2.0% (n =10,
C=20 pugL"!) and 1.7 ug L™! (3S,/m), respectively. The
preconcentration factor that was calculated by dividing the
aqueous phase volume into the final volume of the diluted
phase was 40 for 40 mL sample solution.

Validation of the proposed methodology

This method was validated by analyzing CRM NIST SRM
1643e. The results are tabulated in Table 3. No significant
difference was observed between the result of this study
and the certified values, showing the capability of this
preconcentration technique in nickel determination from
water samples.

Comparison

The performance of this DES-DLLME method was
also compared with other preconcentration techniques
(Table 4). As can be seen, the obtained detection limit
by the proposed procedure is the best. Relative standard
deviation (RSD) and preconcentration factor (PF) are com-
parable to most of those reported in the other researches
in Table 4. Linear dynamic range (LDR) of the proposed
method has a better lower limit than almost all because of
good sensitivity. Due to these good analytical character-
istics, obviously, the performance of this method is com-
parable with those of other reported methods. Rapidity,
cost-effectiveness, feasibility, and being timesaving are

Table 4 Comparison of the presented method with other preconcentration methods

Method Sample LOD* (uigL™") RSDP (%) LDR*(ugL™) PF'  Samplevol- Refs.
ume (mL)

CPE-FAAS Water and food 2.7 1.8 10400 19 25 [43]
CPE-ICP-OES Water 6.3 2.6 50-2500 9.79 15 [44]
CPE-spectrophotometry ~ Water 10.0 3.6 20-500 10 10 [45]
SPE-FAAS Water 7.5 44 up to 5000 200 1000 [46]

SPE- spectrophotometry ~ Water and environmental 3.0 1.2 10-370 50 250 [47]
DLLME-XRF® Water 2.0 11.5 2-400 250 5 [48]
DLLME-FAAS Water and food 22 1.9 8-200 50 5 [49]
DES-DLLME-FAAS Water 1.7 2.0 5-100 40 40 This work

Limit of detection, "relative standard deviation, “linear dynamic range, “preconcentration factor, ®X-ray fluorescence spectrometry

Figures of merit

Table 2 lists the figures of merit obtained for nickel DES-
DLLME: Dynamic linear range for Ni determination
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among the advantages of this method, introducing it as a
suitable candidate for nickel analysis.
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Table 5 Determination of nickel

. Sample Nickel amount (ug L™1) Recovery (%)
in water samples
Added Found
Tap water (Drinking water system of Sari, Iran) 0.0 - -
25.0 24.7+0.5% 98.8
50.0 499+1.0 99.8
Mineral water (Plour mineral water, Iran) 0.0 - -
25.0 25.1+0.6 100.4
50.0 499+ 1.1 99.8
River water (Tajan river, Sari, Iran) 0.0 - -
25.0 248 +0.5 99.2
50.0 494 + 1.1 98.8
Sea water (Caspian Sea water, Sari, Iran) 0.0 50+0.1 -
25.0 30.1 +0.8 100.4
50.0 555+ 1.1 101.0

4SD of three replicate experiments

Nickel determination in real samples

The proposed DES-DLLME method was employed in nickel
determination and preconcentration in several water samples
(i.e., tap, river, mineral, and sea water) (Table 5).

To analyze the water samples, a 0.45 um millipore mem-
brane was utilized to filter collected water samples (river
and sea water) before extraction. Table 5 clearly indicates
that 5.0 ug L™! nickel exists in sea water samples while tap,
river, and mineral water showed no nickel contamination.
To accredit the accuracy of the proposed method, 25 and
50 ug L' of nickel were spiked to the samples before extrac-
tion. The relative recoveries and RSDs varied in the range
of 98.8-101.0% and 2.0-2.5%, respectively. Therefore, this
technique seems to be a promising technique for ultra-trace
level determination of nickel in water samples.

Conclusion

Deep eutectic solvent based dispersive liquid—liquid micro-
extraction (DES-DLLME) coupled with FAAS was devel-
oped for sensitive nickel determination in real samples.
DESs have attracted considerable attention as green solvents
for the extraction and separation of target compounds on
account of their excellent properties. They have attracted
increasing attention because they possess similar physi-
cal and chemical properties, but are much cheaper, safer,
and easier to obtain than ILs. The proposed method proved
its cost-effectiveness, sensitivity, rapidity, feasibility, and
being environment-friendly. It was also proven to possess
a good recovery and a high preconcentration factor. The
developed method is a promising approach in the determi-
nation of ultra-trace levels of nickel in water samples with
low LOD, high accuracy (recovery >98%), and precision

(RSD <2.5%). Its sensitivity could be even increased by the
application of GF-AAS as the detection step.
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