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ABSTRACT

The new procedure using in situ synthesis of ionic liquid extractant for dispersive liquid-liquid
microextraction (in situ IL DLLME) combined with generation of volatile species prior to electrothermal
atomic absorption spectrometry (ET AAS) for the determination of copper in soil samples was developed.
Analytical signals were obtained without the back-extraction of copper from the IL phase prior to its
determination. Under optimal conditions, the extraction in 10 mL of sample solution employing 8 pL
of 1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]limide (HmimNTf,) (as the extraction
solvent) was conducted. The ionic liquid served as two-task reagent: the efficient extractant and
enhancement substance for generation step. The chemical generation of volatile species was performed
by reduction of acidified copper solution (HCl 0.8 molL~!) with NaBH,; (1.5%). Some essential
parameters of the chemical generation such as NaBH, and HCl concentrations, the kind and concentra-
tion of ionic liquid, carrier gas (Ar) flow rate, reaction and trapping time as well as pyrolysis and
atomization temperatures were studied. For photogeneration the effect of the parameters such as the
kind and concentration of low molecular weight organic acids and ionic liquid, carrier gas (Ar) flow rate,
UV irradiation and ultrasonication time on the analytical signals were studied. The detection limit was
found as 1.8 ng mL~! and the relative standard deviation (RSD) for seven replicate measurements of
100 ug mL~ ! in sample solution was 7%. The accuracy of the proposed method was evaluated by analysis
of the certified reference materials. The measured copper contents in the reference materials were in
satisfactory agreement with the certified values. The method was successfully applied to analysis of the
soil and sediment samples.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

drinking water. In severe cases, harmful effects especially hemo-
lysis, liver and kidney damage, can occur [2,3].

Copper is known as a necessary micronutrient for plants, animals
and humans [1]. It is a vital part of several enzymes (for example,
ferroxidases, cytochrome c oxidase, superoxide dismutase, tyrosi-
nase, lysyl oxidase, and dopamine beta hydroxylase) [2,3].

In human populations absorption of copper is highly variable
and dependent upon the age, diet, metal amount ingested, its
chemical form and the composition of other dietary components
such as zinc, as well as the environmental matrix in which it is
contained. Ingestion of a large amount of copper salts causes
gastrointestinal disturbances, the first symptom to occur is nausea,
which can be observed from approximately 4 mg L~! of copper in
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In different types of uncontaminated soil the global copper
contents are reported to range between 2 and 250 mg kg~ ' with
an average value of 30-40 mgkg~! [24]. Generally copper is
accumulated in the upper few centimeters of soil, but it also has
tendency to be adsorbed by organic compounds, carbonates, clay
minerals and oxyhydroxidies of manganese and iron in deeper soil
layers [4,5]. Contents of copper are closely associated with soil
texture and usually are the lowest in light sandy soils and the
highest in loamy soils. The concentration of copper in plant tissues
seems to be a function of its level in soil and the nutrient solution.
The pattern of this relationship, however, differs among plant species
and plant parts [4].

Contamination of soil by copper compounds results from
utilization of Cu-containing material such as fertilizers, sprays,
and agricultural or municipal wastes as well as industrial emis-
sions [4]. Anthropogenic sources of copper come mainly from
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mining and smelting operations [1]. Soils that are situated in the
neighborhood of non-ferrous metal smelters exhibit considerable
amounts of heavy metals [6,7]. In the case of copper mills, the
environment is usually contaminated, primarily by high quantities
of copper and lead [4,8].

The amount of accumulated metals, mainly in top layers of the
soil, is dependent upon the distance from shaft furnace chimneys,
wind direction and physico-chemical properties of soil. The pre-
sence of high copper and lead concentrations in soils poses an
increased hazard of their migration into ground and underground
water, thus transferring into the biomass of plants growing in
these soils [8].

For the routine determination of copper in water, wastewater,
acid-digested materials (soil, sediments, plants and animal tissues)
and soil-water extracts [1] atomic absorption spectrometry (FAAS,
GF AAS) and inductively coupled plasma optical emission spectro-
metry (ICP-OES) are widely used.

Atomic absorption and emission spectrometry with chemical
vapor generation (CVG) of volatile species of copper are also
utilized for detection [9-16]. Recently, many attempts have been
made to explore the enhancement reagents in order to improve
efficiency of the generation of volatile copper species. Several
reagents have been found to enhance the CVG of this metal, such
as 1,10-phenanthroline [12,16], room temperature ionic liquids
(RTILs) [15] and organic acids as the reaction medium [10]. For GF
AAS in situ furnace trapping procedure is particularly attractive for
the determination of very low concentrations of elements that
form volatile species [17]. Preconcentration is easily achieved, the
generation of volatile analytes and their introduction into an
atomizer offers many significant advantages over conventional
solution phase pneumatic nebulization of samples [11].

The disadvantages of CVG such as the requirement for pre-
paration of chemical reductants (NaBH4, SnCly), relatively large
waste production, the possibility of contamination from reagents,
and large amounts of gaseous byproducts result in the attempt to
find new procedures for volatile species generation. For this
purpose research into the use of UV radiation [18-21] and
ultrasound energy [22,23] to generate volatile analytes has been
undertaken. The use of UV radiation in the presence of low
molecular weight organic acids maintains the advantages of vapor
generation while eliminating the need for the utilization of
chemical reductants, further simplifying the system [24]. The
method (named photochemical or UV-induced generation) is,
therefore, a “greener” method than “traditional” CVG for the
determination of many metals.

For copper extraction from analytical samples several varieties
of sample preparation techniques such as solid-phase extraction
[25,26] and dispersive liquid-liquid microextraction (DLLME)
[27-30] have been developed. The DLLME technique shortens sample
preparation and can be used for metal and organic analytes [31].
In this technique mostly volatile organic compounds (VOCs) are used
as extraction solvents. Most DLLME procedures require also the use
of dispersion solvents (e.g. methanol, acetonitrile) to enable the
dissipation of extraction solvents in water samples and the formation
of a cloudy solution. Some researchers proposed using ultrasound for
better dispersing the extraction solvent [32,33].

Nowadays, there is a worldwide tendency to use ionic liquids
instead of VOCs used in many analytical procedures because ionic
liquids are regarded as green solvents. Many extraction methods
are now based on the use of ionic liquids. These include single step
in-syringe system for liquid microextraction (SSLME) [34], cold
induced aggregation microextraction (CIAME) [35], ionic liquid-based
headspace microextraction [36], ionic liquid-based single-drop micro-
extraction [37,38] and dispersive liquid-liquid microextraction [39].

The newest version of DLLME - in situ IL DLLME is an alter-
native to the former techniques. The extraction solvent (ionic

liquid) is formed in situ in a relatively fast chemical reaction within
a sample solution and no dispersion solvent is used [40-42].

This work was undertaken to study the effects of ionic liquids
on the generation of volatile copper species. The ionic liquid
(1-hexyl-3-methylimidazolium bis[(trifluoromethyl) sulfonyl]imide
(HmimNTf,)) [43] was used as the extraction solvent and reagent
affecting the efficiency of the generation. Optimum conditions for
chemical and UV-induced generation procedures in the presence of
ionic liquid were investigated.

2. Materials and methods
2.1. Instrumentation

All measurements were performed with an AAS 5EA spectro-
meter (Analytik, Jena, Germany) equipped with deuterium source
background correction, a transversely heated graphite atomizer
and an MPE5 autosampler. Pyrolytically coated graphite tubes
were employed exclusively. Copper hollow cathode lamp (Photron,
Victoria, Australia) was used as the radiation source. The software
did not include procedure for copper volatile species generation,
the conditions were optimized using arsenic procedure for con-
struction of a working file and the appropriate wavelength and
lamp current were set at the optimum values for copper.

HS 5 chemical vapor generation system (Analytik), which can
operate alternatively in batch or continuous flow mode as well as
photochemical generator were coupled to the electrothermal
atomizer via an AS 51 autosampler for introduction of the volatile
copper species into the graphite tube. The standard PTFE capillary
was disconnected from the autosampler arm and replaced by a
titanium capillary (1.0 mm i.d.) with a PTFE-tube transfer line
(115 mm i.d., [=0.5 m) to transport the vapor from the commer-
cial batch system/laboratory made UV reactor into the graphite
tube. This modification permitted injection of the volatile products
into the preheated graphite tube (250 °C) and their trapping in situ
on the Ir coated graphite atomizer. The optimum distance between
the titanium capillary tip and the inner surface of the heated tube
was 1.0 mm.

The batch reactor used for copper volatile species generation
utilizing UV source was detailed in previous works [44,45] and is
therefore briefly summarized here. Laboratory made reactor was
designed to perform photogeneration of copper in sample solu-
tion. The system consisted of a miniaturized quartz reactor sealed
up with silicone stopper (Merck, Darmstadt, Germany). Samples
were irradiated in the reactor with a 15 W low pressure UV lamp
TNN 15/32 (Heraeus, Hanau, Germany) providing light of mainly
254 nm wavelength. The 2 mm diameter microtip of ultrasonic
homogenizer (70 W, 20 kHz Sonopuls HD 70, VC-100 from Bandelin,
Berlin, Germany) was inserted into the reactor (sample) for the
efficient phase separation after generation of volatile products.
The volatile forms of copper generated upon UV radiation were
transported into the AAS graphite tube in the way describe above.

Compressed argon of UHP 5.5 purity obtained from Air
Products (Warsaw, Poland) was employed as a protective and
purge gas.

A centrifuge (Hettich EBA 20, Tuttlingen, Germany), generating
a speed in the range of 500-6000 rpm, was employed for phase
separation after extraction procedure.

A UniClever focused microwave sample preparation system
(Plazmatronika, Wroctaw, Poland) operating at 2450 MHz and
300 W maximum output was used to CRMs and real samples
microwave-assisted dissolution. The computer-controlled system
with continuous temperature, pressure and microwave power
monitoring was equipped with high-pressure TFM-PTFE vessel
and water cooling system. The vessel capacity was 110 mL and the
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maximum pressure and maximum temperature were 100 atm and
300 °C, respectively.

2.2. Reagents and solutions

Lithium bis[(trifluoromethyl)sulfonyl]imide (LiNTf,), 1-hexyl-3-
methylimidazolium chloride (HmimCl), 1-butyl-3-methylimida-
zolium chloride (BmimCl), 1-butyl-3-methylimidazolium tetra-
fluoroborate (BmimBF,4), sodium diethyldithiocarbamate (DDTC)
and solution of Ir (1000 mgL~' in 10% HCl) were from Sigma-
Aldrich (St. Louis, MO, USA). Ethanol (absolute, ca. 99.5%) from ].T.
Baker (Deventer, The Netherlands) was used as solvent for ionic
liquid phase containing copper before generation procedures.
Acetic acid (99-100%, ]J.T. Baker), formic acid (for synthesis
>99%) and propionic acid (for analysis, 89-91%) both from Merck
were used for UV-induced generation.

A sodium tetrahydroborate (J.T. Baker) solution was prepared
daily in water containing ca. 0.2% (w/v) sodium hydroxide (Supra-
pur, Merck).

Working standard solutions were obtained by appropriate
dilution of the stock standard solution (1000 mg L~ solution of
copper in 0.5 mol L™! nitric acid, Merck). All working standard
solutions were prepared daily; the appropriate stock solution was
diluted with high-purity water.

The pH of the sample solutions was adjusted with 65% HNO3
and 30% NaOH (Suprapur, Merck). Hydrogen peroxide 30% and 40%
HF of the highest quality (Suprapur, Merck) were used for
microwave-assisted dissolution of CRMs and real samples.

High purity water: deionized and doubly distilled water (quartz
apparatus, Bi18, Heraeus) was also used throughout the experiments.

2.3. Certified reference materials and real samples

Accuracy of the analytical procedure was verified with the use of
the certified reference materials: SRM 2709 San Joaquin Soil (Baseline
Trace Element Concentrations) and SRM 2711 Montana Soil (Moder-
ately Elevated Trace Element Concentrations) both from the National
Institute of Standards and Technology (NIST); SRM 2704 (Buffalo
River Sediment) from National Bureau of Standards (NBS) and RM
433 (Trace Elements and Methylmercury in Marine Sediment) from
International Atomic Energy Agency (IAEA).

Real soil samples (nos. 1-8) were collected in the vicinity of the
Legnica Copper Smelter (southwest Poland, Silesia). The copper
smelting plant in Legnica was opened in 1953 and in the past was
indicated as a source of high metal-containing dust emission,
which was considerably reduced in the 1980s and 1990s. Table 1
shows description of the soil samples collected from the vicinity of
the smelter (nos. 1-8). For comparison, copper was also deter-
mined in soil samples from a suburb of Poznan (nos. 9-10) and in
lake sediment samples from Malta Lake in Poznas (nos. 11-12). It
was assumed that these samples were not exposed to anthropo-
genic copper contamination.

2.4. Analytical procedures

2.4.1. Sampling strategy and microwave-assisted dissolution of CRMs
and real soil samples

Soil/sediment samples were collected from the outer surface
(10-20 cm) after removing surface contamination. Use of metal tools
was avoided and a plastic spatula was used for sample collection. The
soil/sediment samples were collected according to similar procedure.
The samples were dried thoroughly, ground in an agate mortar,
sieved through a <2 mm sieve and then, digested.

Approximately 300 mg of powdered certified reference mate-
rial or sieved real sample was placed in the TFM-PTFE vessel of the
microwave system and moistened by 1 mL of 30% H,0,. Then,

4 mL of 65% HNOs and 2 mL of 40% HF were added. The sample
was heated for 20 min at 300 W. After microwave-assisted dis-
solution, the clear solution was transferred into a 20 mL calibrated
flask and diluted to a volume with high-purity water. Before
further analysis this solution was appropriately diluted depending
on the concentration level of the element. A corresponding blank
was also prepared according to the above microwave-assisted
dissolution procedure.

2.4.2. Extraction and AAS determination procedures

Ten milliliters of diluted sample solution (after microwave-
assisted dissolution) was poured into a centrifuge tube. The pH
of the sample was adjusted to neutral. Then, 100 pL of DDTC
(011 g L~ 1) solution was added and after 1 min 45 pL of HmimCI
(0.45gL~1') solution was pipetted. Next 100uL of LiNTf,
(0.2 gL~ ") solution was added to start metathesis reaction. As a
result 1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]
imide (HmimNTf,) was formed. Five minutes later the mixture was
centrifuged for 5 min at 5000 rpm and HmimNTf, containing
copper-DDTC complex settled on the bottom of the tube. The bulk
water phase was removed and the ionic liquid phase (ca. 8 pL) was
dissolved in 50 uL of ethanol [43].

Before generation procedures and AAS detection the graphite
tube was coated with iridium. It was chosen as the permanent
modifier for in situ trapping the copper volatile species. The Ir
coating was conducted thermally by pipetting 40 uL of a
1000 mg L~! Ir stock solution. The tube was subjected to the
temperature program in order to reduce the salt to the metal and
produce a reactive surface layer. The modifier solution was gently
dried at 90 °C then at 110 °C and in the final step of drying at
250 °C. Following this, a reduction step at 2200 °C was applied for
5 s. This procedure was repeated five times so the inner surface of
the bottom part of the tube was covered homogeneously by
200 pg of the metal. This coating needed to be applied only once
during the lifetime of the tube.

In order to generate volatile species of copper the dissolved
ionic liquid phase (HmimNTf,) was placed in the batch reactor
vessel. Due to the fact that no satisfactory results were obtained
for photochemical generation procedure, the real samples were
analyzed after in situ DLLME with the use of chemical generation
coupled to GF AAS.

For the chemical generation after extraction, ionic liquid
phase was dissolved in 50 pL of ethanol, than HCI (0.8 mol L~! in
sample solution) was added and the volume was made up to 2 mL
with water.

For the photogeneration, after dissolution of ionic liquid phase
with ethanol (50 pL), acetic acid was added (50% v/v in sample
solution) and the volume was made up to 500 uL with water. The
conditions for generation procedures (chemical and UV-induced)
are presented in Table 2.

Calibration was performed by the standard calibration techni-
que using standards with addition of DDTC and ionic liquid.
The detailed graphite furnace temperature program used for the
copper determination in real samples is shown in Table 2.

2.4.3. Generation of volatile copper species

2.4.3.1. Chemical generation. In the case of analysis without
extraction step (during optimization), IL was added to the
sample solution containing copper in the reactor vessel.

For chemical generation procedure after extraction step, the
copper determination was performed by the generation of copper
species extracted in IL phase with 1.5% (w/v) NaBH,4 as a reducing
agent. Sample solution (2 mL with 8 pL IL, diluted after extraction
with 50 pL of ethanol, ca. 99%) was placed in the reaction flask for
the generation. Copper species were generated in 0.8 mol L~ ! HCI
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Table 1

Description of the soil samples collected from the vicinity of the Legnica Copper Smelter.

Sample number Type of land Location of the sampling point

1 Farmland Approximately 170 m to the west of the Legnica Copper Smelter, N 51°17'98", E 16°09'81"

2 Copse Approximately 800 m to the northeast of the Legnica Copper Smelter, N 51°19'66", E 16°12'67"

3 Allotments Approx. 1500 m to the northeast of the Legnica Copper Smelter, N 51°19'96”, E 16°13'40"

4 Wasteland Approximately 800 m to the northeast of the Legnica Copper Smelter, N 51°19'29”, E 16°13'93"

5 Allotments Approximately 1750 m to the northeast of the Legnica Copper Smelter, N 51°19'41”, E 16°15’17”

6 Farmland Approx. 1700 m to the east of the Legnica Copper Smelter, N 51°18'31", E 16°14'70"

7 Wasteland Approximately 400 m to the east of the Legnica Copper Smelter, N 51°18'30", E 16°12'94"

8 Allotments Approximately 2300 m to the east of the Legnica Copper Smelter, N 51°18'47", E 16°15'42"

9 Garden Countryside nearby Poznan, N 52°26'23", E 16°45'07"

10 Farmland Countryside nearby Poznan, N 52°26'03", E 16°43'54"

1 Lake sediment Poznan, eastern part of the lake bottom, sample taken after draining the water, N 52°24'01", E 16°59'11"
12 Lake sediment Poznan, western part of the lake bottom, sample taken after draining the water, N 52°24'26", E 16°57'27"

Table 2

Optimized experimental conditions for chemical and UV-induced generation of volatile copper species after in situ IL DLLME prior to AAS
determination (parameters for microwave-assisted dissolution and in situ IL DLLME are also presented).

Microwave-assisted dissolution

Sample mass (mg)

Reagents

Reagents volume ( mL)

Final volume (mL)

MW power (W)/dissolution time (min)

in situ IL DLLME

Sample volume (mL)

HmimCl (first component) (mg)

LiNTf, (second component) (mg)

HmimNTf, (extractant, product of the in situ synthesis) (uL)
pH of sample solution

Dissolving solution: concentration (%)/volume (uL)

Chemical generation

Sample volume (mL)

Reduction agent, concentration (%)

Acid solution, HCI (mol L™ 1)

HmimNTf, (enhancement reagent (mmol L~ 1))
Ar flow (Lmin~")

UV-induced generation

Sample volume (uL)

Acetic acid concentration (%, v/v)
Ultraviolet time (s)

Sonication time (s)

US microtip diameter (mm)

Ar flow (Lmin~")

AAS detection
Wavelength/spectral band width (nm)
Lamp current (mA)
Furnace program steps
Drying
Drying/trapping
Pyrolysis
Atomization
Cleanout
Measurement mode

ca. 300

65% HNOs, 30% H,0,, 40% HF
4,1,2

20

300/20

10

20

20

ca. 8

7

Ethanol: ca. 99/50

0.15

324.8/0.8
3.0

65 °C, ramp 10°Cs~ ', hold 5 s

250 °C, ramp 50 °C s~ !, hold 30 s
800 °C, ramp 200 °Cs~ ', hold 4 s
2000 °C, ramp 2500 °Cs~ !, hold 4 s
2150 °C, ramp 1000 °Cs~ !, hold 3 s
Peak area

medium and transferred to the graphite tube preheated to 250 °C
by an Ar stream (0.2 Lmin~"'). The copper concentration in the
sample was determined by standard calibration technique. The
Cu?™ standard solutions were prepared with addition of DDTC and
HmimNTf; (8 uL, dissolved in ethanol). Peak area absorbance was
taken for quantification. Experimental conditions for chemical
generation of copper coupled to AAS are presented in Table 2.

2.4.3.2. Photogeneration. During optimization step IL was added to
the sample solution containing copper in the quartz reactor vessel.

For photogeneration procedure after extraction step, copper
extracted in IL phase (HmimNTf,, 8 uL) was dissolved in 50 pL of

ethanol (ca. 99%). After that acetic acid was added (50% v/v in
sample solution); the final volume of the sample solution was
500 pL. Then the 2 mm diameter microtip was passed through the
silicon cap and immersed into the solution at a depth of ca. 2 mm.
The sample was sequentially subjected to 40 s of UV irradiation
and 5s of US irradiation. The volatile copper species were
transferred to the preheated graphite tube by an Ar stream
(015 L min~1).

The determination was performed by the generation of volatile
copper species in 50% v/v acetic acid (in sample solution, 500 pL)
in the presence of UV radiation. The ultrasound was used for
separation of gas phase (volatile copper) from sample solution
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after UV irradiation [23]; the volatile species were detected
by AAS.

Peak area absorbance was taken for quantification. Experimen-
tal conditions for photo-induced generation of copper coupled to
AAS are presented in Table 2.

3. Results and discussion

The parameters of chemical and UV-induced generation of
volatile copper species were optimized to achieve the best
analytical performance by investigating each variable in turn with
all other variables kept constant. This procedure allowed studying
the individual effect of each variable on the analytical signals. In
order to investigate the chemical generation of Cu after in situ
DLLME the following parameters were studied: HCI concentration
in sample solution, NaBH, concentration, the kind and concentra-
tion of ionic liquid, carrier gas (Ar) flow rate, reaction and trapping
time as well as pyrolysis and atomization temperatures.

The kind and concentration of low molecular weight organic
acids and ionic liquid, carrier gas (Ar) flow rate, UV irradiation and
ultrasonication time were investigated for UV generation system.
The furnace parameters optimized for chemical generation were
used for further UV generation. All experiments were performed
after in situ DLLME from 10 mL of copper water standard solution
(20 ng mL~! for chemical and 100 ng mL~' for UV-induced gen-
eration) using peak area measurements.

3.1. in situ IL DLLME

The main conditions of in situ IL DLLME were optimized in the
previous work [43], therefore during this study microextraction
procedure was used without modifications (Table 2). 5 mmol L~!
of DDTC was chosen as the optimal concentration of complexing
agent, ensuring maximal absorbance as well as 1 min of reaction
time leading to Cu-DDTC complex formation at pH 7. As the
extraction solvent 8 uL of HmimNTf, was used. It was a product of
the in situ synthesis in sample solution between HmimCl and
LiNTf,.

3.2. Chemical volatile copper species generation and AAS detection

HCl was chosen as a reagent providing appropriate pH for
copper generation [9,11,17]. The effect of the HCl concentration in
the sample solution on the analytical signals was investigated. The
results are presented in Fig. 1. The optimum HCI concentration was
0.8molL~'. No change was observed for HCl concentrations
ranging from 0.8 to 1 mol L~'. Concerning the influence of the
NaBH,4 concentration, maximum absorbance was achieved at a
concentration of 1.5% w/v (Fig. 1). The use of concentrations higher
than 1.5% resulted in the production of too large quantities of H,,
causing the significant signal instability. The pump in the HS
5 system delivered the reductant solution in four selectable speed
stages providing rates between 5mLmin~' and 10 mL min~'.
During the study the speed 5mLmin~'! was chosen for all
experiments.

One of the basic parameters affecting the efficiency of genera-
tion was the time required for the reaction between reductant and
the metal in sample solution. The reaction time was strongly
related with the trapping time (in the preheated graphite tube),
therefore both parameters were considered together (Fig. 2). The
increase of the analytical signals was observed between 5 and 30 s
of reaction/trapping time. The longer time did not increase the
analytical signals. The highest absorbance was achieved for 30s,
and that was the time needed for the efficient generation and
transport of the volatile copper species to the graphite tube at the

NaBH, (%,w/v)

0 0.5 1 15 2 2.5 3
0.260 : : :

0.240 —8—-HC|I —&—NaBH4
0.220 -
0.200 A
0.180 A

0.160 -

Absorbance

0.140

0.120

0.100 ~

0.080 -

0.060 T T T T T
0 0.2 0.4 0.6 0.8

HCI (mol L)

=

1.2

Fig. 1. Effect of NaBH, concentration and HCl concentration in sample solution on
the absorbance during chemical generation of volatile copper species. Conditions:
Cu solution 100 ng mL~', trapping time 25s, trapping temperature 200 °C,
BmimBH, 15 mmol L~'. The error bar is the standard deviation (SD, n=3).

trapping temperature (°C)

0 100 200 300 400
0.260 : : :

——trapping time
—A—trapping temp.

0.240 -

0.220 A

0.200 ~

0.180 A

0.160 A

Absorbance

0.140

0.120

0.100 +

0.080 A

0.060 T T T T
0 10 20 30 40 50

reaction/trapping time (s)

Fig. 2. Effect of reaction/trapping time and trapping temperature on the absor-
bance during chemical generation of volatile copper species. Conditions: Cu
solution 100 ng mL~!, NaBH, 1.5%, HCl 0.8 mol L~ !, BmimBH, 15 mmol L~". The
error bar is the standard deviation (SD, n=3).

chosen carrier gas flow rate. The obtained analytical signal
strongly depended on the trapping temperature. For temperature
equal to 250 °C the highest absorbance was noted, that proved
that this temperature was sufficient for trapping the copper
species on the graphite surface coated with Ir.

A temperature of 800 °C was selected as the pyrolysis tem-
perature as well as temperature of 2000 °C was chosen for the
atomization step.

The carrier/purge gas flow rates were studied at the range of
0.1-0.8 L min~'. The argon flow rate of 0.2 L min~"! was sufficient
for transport of volatile copper forms from the batch reactor to the
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preheated graphite tube. Flow rates higher than 0.2 L min~"' did
not cause an increase of the analytical signals.

3.3. Effect of ionic liquids on the chemical generation of copper

The methods for improving the efficiency of copper generation
as well as other metals were evaluated by Zhang et al. [15,46,47].
Only once the influence of ionic liquid N-butylpyridinium tetra-
fluoroborate was studied for generation of volatile species of
copper after reduction with KBH, [15]. The addition of ionic liquid
allowed to achieved ca. fivefold improvement in the generation
efficiency. The authors used ionic liquid as an additional reagent.
In this research were investigated both addition of ionic liquids to
the sample solution before generation and ionic liquids used as
copper extractant during in situ IL DLLME procedure before
generation. The ILs in the study were categorized into two groups:
ILs that were synthesized as extractant within extraction step:
HmimNTf, and BmimNTf, as well as ILs that were added to the
sample solution before generation procedure (without extraction
step): BmimBF,; and BmimCl. As HmimNTf, and BmimNTf, were
the products of in situ metathesis formation, the amount of ionic
liquid was connected with optimized procedure of extraction (ca.
8 uL) [43]. Therefore, to study the effect of different amounts of ILs
on the analytical signals, the suitable additions of ILs were
performed. Very poor signals were obtained without addition of
the ionic liquids. The influence of ILs concentrations on the
absorbance is shown in Fig. 3. All the tested ILs resulted in an
improvement in analytical signals to some extent, depending on
the concentration, nature and role of ILs. The concentration of ILs
in sample solutions were studied in the range of 0.5-40 mmol L~
The maximum improvements in analytical signals were obtained
with BmimBF,; and HmimNTf, (ca. 11 and 10 times, respectively)
(Fig. 3) for the concentrations of 30 and 10 mmol L™, respectively.

HmimNTf, was used during in situ IL DLLME CVG AAS procedure
as two task reagent. First, it was used as the efficient extractant for
copper, and secondly as the enhancement reagent improving the
efficiency of the generation of volatile copper species. Explanation of
the positive effect of ionic liquids on the chemical generation is quite
difficult. It is assumed that the reaction of the transition and noble

BEBmimBF4 OBmMimClI BHmMImNTf2 OBmMimNTf2
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Fig. 3. Effect of ionic liquids concentration on the absorbance during chemical
generation of volatile copper species. Conditions: Cu solution 100 ng mL~", NaBH,
1.5%, HCl 0.8 mol L~ !, trapping time 25 s, trapping temperature 250 °C. The error
bar is the standard deviation (SD, n=3).

metals with tetrahydroborate(Ill) in aqueous solution generates
unidentified volatile species. In addition to the metal hydride and
free metal atoms, the volatile species may consist of metal nanopar-
ticles [14,47]. It is well known that the final products are the reduced
metals or metal borides, depending on the metal and on the
experimental parameters. This reaction is widely employed for the
preparation of nanoparticles of metals or metal borides [48,49].
Therefore, ionic liquids present in sample solution can reduce the
loss of the volatile products of metal reduction by inhibiting further
coalescence of the nanoparticles and facilitating the release of the
volatile species from the solution. The stabilization process against
aggregation into large particles or even deposition can be achieved
by the fact that ionic liquids can create an electrostatic and steric bulk
stabilization of the metal nanoparticles. For this reason some of the
ILs are used for this purpose in the synthesis of the nanoparticles
[47,50-53].

3.4. Effect of ionic liquids on the photochemical volatile copper
species generation

Prior to studying of photogeneration of copper, chemical vapor
generation was undertaken to optimize the graphite furnace
program. For this purpose, experimental parameters established
in earlier sections were adopted for use. All subsequent measure-
ments were conducted with the use of the trapping of volatile
species on the surface of preheated graphite tube.

Experiments performed with solutions containing 500 ng mL~"
of Cu®* in acetic, formic and propionic acids generated very poor
absorbance signals. The concentrations of acids were in the range of
10-70% (v/v). Only for 50% acetic acid the analytical signals were
about five times higher than signals obtained for analytical blanks.
No response from copper was observed for other organic acids over
the range of studied concentrations. The ultraviolet irradiation time
for efficient photogeneration of copper was optimized in the range of
10-50 s. Very low signals (but the highest) were detected for 40 s of
irradiation time. For degasification of solution after UV irradiation
ultrasound sonication was performed (5 s) [23,44,45]. The influence
of pH on photogeneration efficiency was earlier presented by
Sturgeon et al. [17,54]. Thus additional experiments were undertaken
to study the effect of pH (in the range 1-5) on generation efficiency
in acetic acid solutions. However, no significant effect was observed.
This contrasts with the earlier report by Sturgeon et al. [17,54] who
noted the influence of pH on the photogeneration of Cd [17] from
acetic acid solution and Fe [54] from formic acid.

As the last factor influencing the UV-induced generation of volatile
copper species, concentrations of chosen ionic liquids (BmimBF, and
HmimNTf,) were tested in the range of 5-40 mmol L' in sample
solution. In the literature the effect of ILs on the analytical signal
achieved during photogeneration of metals has not been studied yet.
However, as in the case of pH, the presence of ionic liquids in solution
did not affect the efficiency of generation. Despite optimizing the UV
system it was impossible to obtain the reproducible analytical signals.
Relative standard deviations (RSD) as high as 25% characterized the
signals obtained in 50% acetic acid solution. Future analytical applica-
tions for real samples will require extensive improvement in the
experimental conditions for this system. Thus, analytical figures of
merit and analysis of real samples were conducted with the use of
chemical copper generation after in situ IL DLLME.

3.5. Analytical figures of merit

Figures of merit of the proposed in situ IL DLLME prior to
chemical generation coupled to AAS for copper determination
were evaluated under the optimum experimental conditions
(Table 2). The calibration curve for Cu?>* was constructed in the
concentration range from 20 to 150 ng mL~' with a correlation
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coefficient of 0.9957. The Cu?* standard solutions were prepared
with addition of DDTC and IL dissolved in ethanol. The limit of
detection (LOD), calculated as the concentration of absolute
amount of copper yielding an absorbance equivalent to three
times the standard deviation of the blank signal (n=11), was
1.8ngmL~'. RSD for eleven-replicate measurement of sample
solution containing 100 ng mL~! Cu®* was 7%.

Due to the fact that the minimum volume of sample solution
for the CVG system was 2 mL and for UV-induced generation
500 pL, enrichment factors were not calculated. The goal of the
study was to present the influence of ionic liquids on chemical an
UV-induced generation of copper.

In comparison to other generation procedures, reported in the
literature for copper determination based on spectroscopic deter-
mination, the proposed method requires lower or equal volume of
sample and reagents, reducing the production of wastes in the
laboratory (Table 3). In addition, our method presents a lower or
comparable limit of detection as well as satisfactory precision with
respect to other works using generation technique in the detection
step. It is the first time when in situ IL DLLME before chemical
generation of volatile copper species combines the use of ionic
liquid as extractant, and at the same time, as an enhancement
reagent for generation step.

After in situ extraction step copper was determined by chemical
generation coupled to GF AAS, directly from organic phase after
dissolution in ethanol (without the back-extraction of the analyte
from the IL phase into an aqueous media prior to the generation).

3.6. Accuracy verification and copper determination in real samples

The accuracy of the proposed method was evaluated by
analysis of the three certified reference materials: SRM 2709,
SRM 2711, SRM 2704 and one reference material RM 433. The
copper recoveries were in the range of 95-103% which is con-
sidered satisfactory for the certified concentration of the element
(Table 4). The results were in good agreement with the t-test at a
95% confidence level of the certified values in the investigated
reference materials. The precision expressed as RSD was in the
range of 5-7%.

The certified reference materials used in the research had a
matrix containing high concentrations of other elements (e.g. Al,
Ag, Ba, Ca, Cr, Fe, Mg, Mn, Ni, Pb, Si, Zn), sometimes in the range
from pg g~ ! to %. The obtained recoveries and analytical signals of

Table 3

copper in the presence of the elements proved that the interfer-
ences from foreign ions can be ignored. Due to the satisfactory
results, the additional study in terms of matrix influence was not
carried out. It was confirmed that the developed methodology
for copper isolation/preconcentration and chemical generation
was applicable to the analysis of soil and sediment materials with
complex matrices.

The applicability of the developed method was assessed by
isolation/preconcentration and determination of copper in real soil
samples (Tables 1 and 5). The samples were digested according to
the procedure described in Section 2.4.1. and the element was
preconcentrated and determined according to the procedures
described in Sections 2.4.2 and 2.4.3 (Table 2).

The results presented in Table 5 show considerable differences
between copper content in soil samples collected in the vicinity of
the Legnica Copper Smelter (nos. 1-8) and four other samples from
the area of Poznan (nos. 9-12). Concentrations of copper in
the samples from Legnica were in a range of 44-1104pgg~!
with mean value of 386 ugg~'. The determined metal amount
in samples from the vicinity of Poznan was in a range of 6.5-
21.7 yg g~ ' with mean value of 16.3 pgg~'. The results showed
that the Legnica soil contains higher amounts of copper than
samples from Poznan. The found values were compared with
those obtained for the samples collected in the same points by
The Regional Inspectorate of Environmental Protection in 2007.

The determined copper amounts in samples 1, 2 and 4-8
exceeded the acceptable copper concentration in the soil. All
analyzed soil samples belonged to the soil class B. According to
the Polish legislation acceptable concentration of copper in this
class at a depth of 0-0.3 m is 150 ug g~ .

Table 4

Accuracy verification of the method for copper determination in selected certified
reference materials by in situ DLLME coupled to CVG AAS using the optimized
parameters. Recovery and relative standard deviation (RSD) values also are shown.
Obtained values: average value + standard deviation (n=5).

Reference material Determined Certified
Cu(ugg™!) Recovery (%) RSD(%) Cu(ugg™!)
SRM 2709 329+22 95 7 34.6 +0.7
SRM 2711 109 +7 96 6 114+ 2
SRM 2704 101.2 + 51 103 5 98.6+5.0
RM 433 293+ 17 95 6 30.8+2.6

Comparison of in situ IL DLLME coupled to chemical generation and other techniques for the copper volatile species generation (the table also shows the type of

enhancement reagent).

Generation technique Detection technique  Sample Enhancement reagent ~ RSD (%) LOD (ngmL~!)  Ref.

NaBH, (2%; 0.6 mol L~ HCI) QTA AAS Aqueous standard solution - 9 8 ng! [9]

NaBH, (1.2%; 1.0 mol L~ ! HCl or ICP-AES Lobster tissue, marine sediment - 9.7°/8.6° € [11]
0.3 mol L~ ! HNOs)

NaBH, (1%; 0.6 mol L~ HCI) GF AAS Aqueous standard solution - 11 28 [17]
NaBH4 (1.0%; 1% HCOOH) Flow injection Water, biological tissue 0.0005% (w/v) 4 0.1 [55]
GF AAS 1,10-phenanthroline
NaBH,4 (0.1%; 0.1 mol L~ ! CH3COOH)  Flow injection Human hair, steel alloy - 1.6 0.4 [56]

ICP-OES
KBH4 (15 gL~ 1; 0.3 mol L~ ! HNO3) Flow injection AFS Tea, peach leaves, ores N bupyBF,* 4.4 19 [15]
NaBH, (0.3%; 0.1 mol L~ ! HNOs) Flow injection AAS River, tap, mineral water 0.00048% (w/v) 2.6 1.8 [16]
1,10-phenanthroline
NaBH, (1.5%; 0.8 mol L~ HCI) GF AAS Soil, sediments HmimNTf, 8 1.8 This work

2 N-butylpyridinium tetrafluoroborate.
P For 100 ng Cu?* mL~ ",

€ For 1 pg Cu®* mL™".

4 For 10 pL of sample solution.

¢ Not given.
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Table 5
Concentration of copper (ugg~') in real soil samples determined after in situ
DLLME CVG AAS. Obtained values: average value + standard deviation for n=5.

Sample number Determined Cu (ugg~') RSD (%) Ref* (ugg™1)
1 213+ 15 7 196
2 290+ 13 4 141
3 44 +3 7 216
4 296 + 21 7 245
5 234+ 12 5 279
6 1104 + 60 5 480
7 440 428 6 1075
8 465 + 22 5 617
9 19.7 + 11 6 -

10 6.5+04 6 -

11 217+ 11 5 -

12 171 +£0.8 5 -

2 The report of the Regional Inspectorate of Environmental Protection (Wro-
claw) [57].

It is difficult to explain the result obtained for the sample no. 3.
Determined concentration was equal to 44 +3 pgg~! and was
much lower than in other samples. It is suspected that some plants
able to accumulate copper from the soil emerged in a studied area
(allotments). During the study the greatest concentration of
copper was found in the soil located east of the smelter (samples
6, 7 and 8) that was consistent with the direction of the wind in
the area. The determined concentration of copper in these samples
exceeded the permitted concentration of 150 mg kg~ . In the soil
samples from the vicinity of Poznan (nos. 9-10) the detected metal
amount was close to those naturally occurring in the Polish soil.
The mean content of copper in agricultural surface soils and forest
soils of Poland is estimated at 6.5pgg~"', which is due to the
predomination of light sandy acid soils [4]. However, the varia-
tions in the copper distribution are remarkable that is connected
with the parent materials and to the impact of industrial and/or
agricultural pollution [4]. The copper content of sediments was
also low. The samples from Malta Lake (nos. 11-12) contained 21.7
and 17.1 ug g~ ! of the determined metal.

4. Conclusion

in situ synthesis of ionic liquid extractant (HmimNTf;) for
dispersive liquid-liquid microextraction combined with genera-
tion of volatile species prior to electrothermal atomic absorption
spectrometry for the determination of copper in environmental
samples was demonstrated. The extraction technique can be
employed for isolation and preconcentration of copper from soil
and sediment samples. The extraction solvent is formed in situ in
relatively fast chemical reaction in a sample solution and no
dispersion solvent is needed. The analytical methodology enables
direct analysis (from organic phase, without back-extraction) and
subsequent determination of copper by chemical generation
coupled to ET AAS. The product of in situ reaction has the potential
to replace traditional VOCs in DLLME procedures for copper
preconcentration due to its low vapor pressure and nonflammable
properties. The presence of ionic liquid (as the extractant for
metal) in sample solution during chemical generation offers a
great possibility as the reagent positively affected the efficiency of
chemical generation. Despite optimizing the photogeneration
procedure it was impossible to obtain the reproducible analytical
signals. Relative standard deviations as high as 25% characterized
the signals obtained in 50% acetic acid solution. Future analytical
efforts for extensive improvement in the experimental conditions
of the procedure are required. Thus, analysis of real samples with
complex matrices was conducted with the use of chemical copper

species generation after in situ IL DLLME. The results obtained for
the samples from an industrial area showed high contamination
and were similar to those previously reported for that region.
Copper concentration in the samples taken nearby Poznan from an
agricultural area was low and similar to mean content of copper in
Polish soils.
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