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Abstract A microextraction method, namely temper-
ature-controlled/assisted ionic liquid-based dispersive
liquid-phase microextraction (DLPME) for manganese(Il)
determination in environmental water samples is presented.
Manganese(II) was extracted from aqueous solution into an
ionic liquid (IL) after complexation with 1-(2-thiazolylazo)-
2-naphthol (TAN) and directly introduced for electrother-
mal atomic absorption spectrometry (ETAAS) determina-
tion. Several factors that might affect ETAAS signal and
extraction efficiency, such as pyrolysis and atomization
temperature; and pH adjustment, concentration of TAN,
extraction time, volume of IL and stirring rate were studied.
Within optimal experimental conditions, the detection limit
(30), the quantification limit (10c), the enrichment factor
and the relative standard deviation for five replicate deter-
minations at 0.5 jug L™ of manganese(IT) were calculated
as 0.023 g L', 0.076 g L', 58.7 and 6.3 %, respec-
tively. The presented method was also successfully applied
to the determination of manganese(Il) in real samples. The
main benefits of the method are simplicity, low cost, rapid-
ity, high recovery, powerful extraction efficiency and the
proposed approach is free of volatile organic solvents.
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Introduction

Manganese (Mn) is a necessary element for human life. It
is a cofactor for several enzymes including kinases, phos-
phatases and oxidoreductases. It is a potential, toxic ele-
ment at high concentrations. The chronic exposure to this
element can cause a neurodegenerative disease called
manganism with symptoms such as mental and emotional
conflicts and muscle stiffness [1, 2]. Manganese is usually
present at trace or ultra-trace levels in various environmen-
tal samples. As an example, concentration ranges of man-
ganese in fresh waters are 0.02-130 ug L~! [3]. Accord-
ing to the World Health Organization (WHO), adult daily
intake of manganese from food is between 2 and 9 mg.
Manganese intake can be as high as 20 mg daily without
apparent ill effect. With an intake of 12 mg per day, a 60-kg
adult would receive 0.2 mg kg~' of body weight per day.
Accounting for about 20 percent of the drinking water,
and using an uncertainty factor of 3 to allow for possible
increased bioavailability of manganese from water, gives
a value of 0.4 mg L™'. Therefore, very sensitive methods
are necessary for monitoring this element in water samples.
Electrothermal atomic absorption spectrometry (ETAAS) is
a powerful and useful technique for this aim [4]. But the
direct determination of manganese(Il) at very low con-
centrations is often difficult because of insufficient sensi-
tivity of this technique as well as the matrix interferences
occurring in real samples. Because of this, an elementary
separation and preconcentration step is often required. Lig-
uid-liquid extraction (LLE) is among the oldest of the pre-
concentration and matrix isolation techniques used in ana-
lytical chemistry [4]. However, it is time-consuming even
when automated and requires large amounts of high-purity
organic solvents. Solid-phase extraction (SPE) [5], solid-
phase microextraction (SPME) [6] and stir bar sorption
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extraction (SBSE) [7, 8] are other techniques that have
been developed and used in sample pretreatment.

In last two decades, liquid-phase microextraction
(LPME) has attracted increasing attention as a novel sam-
ple preparation technique. LPMEs include (1) single-drop
microextraction (SDME), in which the extraction phase is a
drop of water-immiscible solvent suspended in the aqueous
sample or in the headspace above it [9, 10]; (2) hollow fiber
LPME (HF-LPME), where the target analytes are extracted
from aqueous samples into an organic solvent sustained
in the pores and the lumen of supported liquid membrane
(2-phase HF-LPME) or into an aqueous acceptor situated
only in lumen of HF (3-phase HF-LPME) [11, 12]; and (3)
dispersive liquid-phase microextraction (DLPME), which
is based on the ternary component solvent system [13, 14]
similar to homogeneous liquid-liquid extraction (HLLE)
and cloud point extraction (CPE) [15]. DLPME as a high
revenue, powerful, simple, fast and inexpensive micro-
extraction method has been developed by Assadi and co-
workers [13]. Recently, DLPME was also performed using
several automation variants [16—18]. The basic principle of
such method is powerful disruption of extractant/disperser
mixture within aqueous solution, leading to a very high con-
tact area between both aqueous and extraction phases. How-
ever, the amount of disperser is often enormous, which may
lead to decrease of extraction recovery of hydrophobic com-
pounds. Because of that, the alternative liquid-phase micro-
extraction methods were developed, avoiding the use of the
dispersing solvent. These approaches achieve cloudy state
by multiplying air bubbling [19], magnetic stirring within
syringe barrel [20, 21], vigorous injection of solvent into the
sample phase [22], pressure assistance [23], ultra-sonication
[24, 25] and by repeated up-and-down shaking [26].

Another approach, also belonging to this group of
DLPME is called temperature-controlled/assisted IL-based
DLPME (TCIL-DLPME) [27]. In this method, the disrup-
tion of IL extraction phase is driven by temperature control.
In the present work, the IL 1-Hexyl-3-methylimidazolium
hexafluorophosphate [COMIM][PF6] was used as a solvent
for TCIL-DLPME of manganese(Il) as 1-(2-thiazolylazo)-
2-naphthol (TAN) complex. The extracted analyte was
directly injected for ETAAS.

Experimental

Instrumentation

A model A Analyst 800 atomic absorption spectrometer (Per-
kin-Elmer, Shelton, CT, USA) well-appointed with a deute-
rium lamp as background correction system and a graphite

furnace atomizer was used. A manganese hollow cathode
lamp (Perkin-Elmer, USA) was used as the radiation source
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Table 1 Optimum ETAAS operating conditions for the determina-
tion of manganese(II)

Wavelength (nm) 279.5

Lamp current (mA) 6

Spectral bandpass (nm) 0.5
Background correction Deuterium
Drying temperature (°C) 120 (ramp 20 s)
Pyrolysis temperature 1 (°C) 600 (hold 40 s)

Pyrolysis temperature 2 (°C) 600 (hold 3 s, gas stop)

Atomization temperature (°C) 2500 (hold 4 s, gas stop)

Cleaning temperature (°C) 3000 (hold 2 s)
Argon purge gas flow rate (L min™!) 1.5
Determination mode Peak height

and the operating conditions of the hollow cathode lamp were
recommended by the performer. Pyrolytically plated graphite
tubes were employed all over Argon 99.999 % (Roham Gas
Co., Tehran, Iran) with 1.5 L min~! fluency rate was used as
a preserver and purge gas. The detailed graphite furnace tem-
perature program used for the determination of manganese(II)
is shown in Table 1. A 50 pL microsyringe (Hamilton, Ger-
many) was employed to shot IL extracting phase to the solu-
tion. A model 691 pH-meter (Metrohm, Switzerland) was
used for pH measurements and a Jeio Tech BW-50G water
bath were obtained from Hettich (Kirch Lengern, Germany).
Liquid-liquid separation was conducted with a Universal
320R refrigerated centrifuge (Hettich, UK).

Standard solutions and reagents

All the chemicals used were of analytical-reagent grade and
all solutions were diluted with bi-distilled deionized water
obtained from Ghazi Serum Co., Tabriz, Iran. 1-Hexyle-
3-methylimidazolium hexafluorophosphate [C;MIM][PF]
was purchased from Merck (Darmstadt, Germany) and used
as obtained. A stock solution of manganese(Il) was pre-
pared by dissolving an appropriate amount of Mn(NO3),,
4H,0 (Merck) into a 100 mL flask with distilled water and
hoarded at 4 °C in dark glass bottles. The working solutions
of manganese(II) were made by suitable dilution of the stock
solution with bi-distilled water. The 1 x 10> mol L' solu-
tions of 1-(2-thiazolylazo)-2-naphthol (TAN) were provided by
dissolving suitable amount of TAN (Fluka) in 25 mL of metha-
nol. A stock buffer solution (0.1 mol L™") was prepared by dis-
solving appropriate sums of boric acid in deionized water and
regulating to pH 9.5 by adding diluted NaOH solution.

Sample preparation

In this work, environmental water samples like under-
ground water, river water and tap water were gathered for
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Fig.1 Scheme of cru-

cial steps of the proposed
temperature-assisted 1L
DLPME method when
determining manganese(II) as

1-(2-thiazolylazo)-2-naphthol

(TAN) complex

manganese(Il) determination in real samples. Tap water
was obtained from our laboratory. River water sample was
obtained from southwest Iran and underground water sam-
ple was collected from Bonab, Iran. The collected water
samples were filtered through a 0.45 um micropore mem-
brane immediately and were kept in dark glass bottles, then
stored at a temperature of 4 °C.

The procedure

For this microextraction procedure, 10 mL of water sample
(ultra-pure water or environmental water) was added into a
15 mL capacity syringe. Then 100 uL borate buffer and 500
uL of 1 x 1073 mol L™! TAN solution was added. A 50 L
of [CqMIM][PF,] as extraction solvent was introduced rap-
idly into the aqueous solution. Then the syringe was heated
in a water bath at 35 °C. The IL was dissolved completely
and mixed absolutely with the solution. The vial was then
cooled with ice water for 5 min and the solution became
cloudy and the analytes migrated into the IL phase. There-
after the solution was centrifuged for 5 min at 4000 rpm. As
a result, the fine droplets of IL settled at the bottom of the
tube. Bulk aqueous phase was removed simply by a syringe.
Then, 30 uL of 50 % (V/V) HNO; and 105 pL of 95 % etha-
nol were added to the sedimented phase, giving a total vol-
ume of 150 uL, which is suitable for direct analysis using
ETAAS. The procedure is depicted in Fig. 1. The enrich-
ment factor (EF) was calculated as the proportion between
the manganese(Il) concentration of the IL phase in the final
solution (C,,4) after extraction and the primary concentration
of the manganese(II) (C,) within the sample (EF = C.4/C)).
The extraction efficiencies summarized as Ec were calcu-
lated by the following equation:

Ec (%) = [Csested/(CﬁqVHQ)] x 100

where V4 and V,, are the final volume of sedimented
phase (150 pL) and the volume of the aqueous sample,
respectively.

10 mL of water s ample Cooling inanicebath
100 pL borate buffer Cloudy sohtion
500 L 1x10°% M TAN sohition 4
S50uL of [C6MIM][PF¢] as extraction solvert ‘
> * > ||| —>
Heating ‘ l'

Upper aqueous phase is
removed witha synng

Results and discussion
Optimization of ETAAS conditions

The selection of a suitable pyrolysis temperature is very
important for removing as much the matrix as possible
and preventing the pyrolysis loss of the analyte former
to atomization. This lowers the possibility of chemical
interference and decreases the magnitude of the back-
ground signal. In this work, pyrolysis and atomization
steps were optimized using 0.4 pg L~! manganese(Il)
solutions presented to the TCIL-DLPME process [28].
Figure 2a shows the resulting pyrolysis curve. It can
be seen that when the pyrolysis temperature was up to
600 °C, the maximum attraction was acquired. At lower
pyrolysis temperature, the background signal was high,
which is possibly due to evaporation of excess TAN and
IL itself at the atomization step. This causes an important
signal suppression, which resulted in the low absorb-
ance values for low pyrolysis temperature. Increasing
pyrolysis temperature above 600 °C leads to loss of ana-
lyte and hence decreases analytical signal. Therefore,
600 °C was chosen as the optimized pyrolysis tempera-
ture for the determination of manganese(Il). The effect
of pyrolysis time on the attraction of manganese(Il)
was also inquired. The results pointed that, keeping the
pyrolysis temperature at chosen value, the absorbance
was increased with increasing pyrolysis time up to 40 s
and no perceptible advances were incurred for longer
times. As a result, a pyrolysis time of 40 s was chosen.
The atomization temperature was similarly optimized
(Fig. 2b). As can be seen, the maximum signal was
obtained at about 2500 °C, and then diminished with
the further increasing of temperature. So, the atomiza-
tion temperature of 2500 °C was chosen for the further
experiments. Since atomization time had little effect on
atomic signal, an atomization time of 4 s was selected
for atomization of manganese(II).
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Fig. 2 a Pyrolysis curve (pyrolysis temperature, 600 °C; pyroly-
sis time, 40 s) and b atomization curve (atomization temperature,
2500 °C and atomization time, 4 s) for DLPME of 0.4 ug L™' manga-
nese. Other conditions are given in Table 1

Effect of IL volume

The effect of IL volume on the extraction efficiency was stud-
ied by dissolving a certain volume of [C,MIM][PF,] in an
aqueous sample under conditions described above. Results
shown in Fig. 3 marked that the extraction efficiency of two
compounds IL volume increased with the IL volume within
the range 30-50 pL and decreased in the range 50-60 pL. The
best extraction efficiency was obtained at 50 puL. The larger
volume of IL affected in lower extraction transfer because
the amount of [C{MIM][PF,] exceeded the target dispersed
amount and excess IL attracted on to the wall of the tube. At
the same time, part of the IL was dissolved in the aqueous
solution and led to a few losses of analytes. According to the
results, 50 puL of IL was chosen as optimum volume.

Effect of pH

As all know, pH plays an important role in the extraction
of manganese(I) in water sample since the formation and
extraction yield of Mn-TAN complex depends on the pH
of the aqueous solution. Therefore, the effect of sample pH
on the extraction efficiency of manganese(Il) in the range
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Fig. 3 Effect of [CMIM][PF¢] volume on the extraction efficiency.
Concentration of each analyte: 0.5 ug L', sample volume: 10 mL,
extraction time: 6 min, centrifugation time: 5 min, sample pH: 9.5,
TAN concentration: 5 x 1075 mol L™!

120
100
S
& 80
=]
9
2
2 60
o
=}
.S
S 40
<
£
i
20 -
0 T T T
4 6 8 10 12

pH

Fig. 4 Effect of sample pH on the extraction efficiency. Concentra-
tion of each analyte: 0.5 ug L™!, sample volume: 10 mL, extraction
time: 6 min, centrifugation time: 5 min, volume of [C;MIM][PF]: 50
uL, TAN concentration: 5 x 107> mol L™!

3-12 was investigated. As shown in Fig. 4, the extraction
increased dramatically when the pH was increased from 6
to 9.5 and then remained almost constant across the range
9-12. At low pH, TAN is mainly in the protonated form,
hence the amount of deprotonated TAN for the formation
of Mn-TAN complex would be limited. This together with
the inclination of hydrophilic metal ion to septum in aque-
ous phase leads to low extraction efficiency. Based on the
obtained results, a pH value of 9.5 was selected for further
studies. This pH was adjusted by using buffer solution.
Influence of buffer amount was also studied. The results
showed that the addition of 50 pL or larger amount of
0.1 mol L™! borate buffer into the sample solutions were
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Fig. 5 Effect of TAN concentration on the extraction efficiency.
Concentration of each analyte: 0.5 ug L™!, sample volume: 10 mL,
extraction time: 6 min, centrifugation time: 5 min, volume of
[CcMIM][PF¢]: 50 uL, sample pH: 9.5

sufficient for keeping attraction at highest value. Therefore,
100 pL buffer solutions were chosen for experiments.

Effect of TAN concentration

The influence of the TAN concentration on the extrac-
tion efficiency of manganese(Il) was also investigated
and results are shown in Fig. 5. The extraction efficiency
increased with increasing TAN concentration from 0.5 to
5 x 107> mol L™! as a result of the high extraction effi-
ciency of the manganese(I)-TAN complex to IL. For
TAN concentration above 5 x 107> mol L™, the attrac-
tion remained unchanged, as excess TAN did not improve
extraction efficiency or mass transfer. So, 5 x 10~ mol
L~! of TAN was selected as the optimum value.

Effect of extraction time

Extraction time is one of the most important factors in most of
the extraction procedures, especially in microextraction meth-
ods such as SPME and LPME. In this study, extraction time
means the time from the moment that the solution contain-
ing completely dissolved IL was put into ice water bath to the
set interval. Results shown in Fig. 6 stated that the extraction
efficiency increased for the studied analytes in the first 6 min,
and then increased very little during the time range 6—10 min.
Therefore, 6 min was admitted as the optimal condition. It is
divulged that the surface area between extraction solvent and
aqueous phase (sample) is infinitely large. Thereby, transfer
of analytes from aqueous phase (sample) to extraction phase
is fast. Afterwards, balance state is achieved quickly; as a
result of that the extraction time is very short. This is the most
important benefit of offered method.

Extraction time (min)

Fig. 6 Effect of extraction time on the extraction efficiency. Concen-
tration of each analyte: 0.5 pug L™!, sample volume: 10 mL, centrifu-
gation time: 5 min, volume of [C{MIM][PF]: 50 uL, sample pH: 9.5,
TAN concentration: 5 x 1075 mol L™!
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Fig. 7 Effect of stirring rate on the extraction efficiency. Concentra-
tion of each analyte: 0.5 ug L~!, sample volume: 10 mL, centrifuga-
tion time: 5 min, volume of [C;MIM][PF]: 50 uL, sample pH: 9.5,
TAN concentration: 5 x 107> mol L™, extraction time: 6 min

Effect of temperature

Temperature is the driving force for the complete disper-
sion of [CqMIM][PF,] into the aqueous solution because
ILs are dissolved more easily at the temperature above
30 °C. Therefore, it plays an important role on the extrac-
tion efficiency of manganese(Il) water samples. A series
of experiments were designed for the optimization of tem-
perature. As can be seen from the result; the extraction
efficiency was greatest at 35 °C and then decreased with
the increase of temperature. Because of that, the solubility
of manganese(Il) in aqueous solution has been shown to
increase with temperature.
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Effect of centrifuge conditions

Centrifugation controls the phase separation and is one of
the crucial steps in suggested method. The study of optimal
centrifugation rate showed 4000 rpm as the most appropri-
ate (Fig. 7). To find out the optimal centrifugation time,
such interval was investigated and results showed that over
4 min IL phase was completely transferred to the bottom
part of centrifuge tube. Therefore, the optimum centrifuga-
tion time was chosen as 5 min.

Study of interferences

In order to demonstrate the selectivity of the developed
microextraction method, the effect of alkali and alkaline
earth metals and several heavy metals on the extraction
and determination of manganese(Il) has been investigated.
Different amounts of ions were added to the test solution
containing 1.0 pg L™ of manganese(II) using suggested
procedure. The interference was taken into account when
tolerable deviation exceeded more than 5 %. All studied
ions were found not to affect manganese(Il) signal in the
DLPME-ETAAS system when they are present in 500-fold
excess. However, the higher concentrations of alkali and
alkaline earth metals can be also tolerated. As shown from
results, the application of suggested method offers inter-
ference-free determination of manganese(Il) at trace levels
in water samples [28]. The results are shown in Table 2.

Method assessment

Important parameters like linear range, correlation coef-
ficient (R), detection limit (LOD), quantification limit
(LOQ) were assessed to evaluate method performance.
Under optimal conditions, linear dynamic range was inves-
tigated obeying the Beer’s law within the concentration
range 0.1-3.0 wg L~'. The R value was calculated as 0.998,
the LOD and LOQ were found to be 0.023 wg L~! and
0.076 wg L™, respectively. In order to study the accuracy
of the proposed method a series of six solutions containing
0.5 wg L~! manganese(I) were measured on the same day.
The relative standard deviation (RSD) was 6.3 % and the
enrichment factor was 58.7.

Real sample analysis

In order to study the applicability of the proposed TCIL-
DLPME method, the determination of manganese(Il) was
performed using underground, river and tap water sam-
ples by recovery test. Table 3 shows obtained results.
As can be seen, the recoveries within 95-105 % were
obtained confirming the accuracy of the suggested
DLPME procedure.
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Table 2 Tolerance limits of interfering ions in the determination of
1.0 ug L~! manganese(Il)

Coexisting ions Foreign ion/analyte ratio Signal error (%)
Na* 10,000 4.8
Lit 10,000 2.5
K* 10,000 —1.25
Ca*t 10,000 1.25
Mgt 10,000 —45
NO,~ 10,000 3.75
Cl- 10,000 1.25
PO~ 10,000 —3.75
S0~ 10,000 -2.5
Ag® 5000 0.6
I 5000 -0.6
CH,COO~ 5000 -2.5
CO,>~ 5000 —-1.25
F~ 5000 3.75
APF 2000 —1.25
Pb>* 2000 0.87
Ccd** 2000 —3.75
crit 1000 1.25
Fe** 1000 437
Zn** 1000 —1.88
NiZ* 500 3.75
Co?* 500 1.25
Cut 500 —3.75
Fe?* 500 25

Table 3 Determination of manganese(II) in water samples (results of
recoveries for spiked samples)

Samples Manganese(II)  Manganese(II)  Recovery (%)
added (g L™")  found (g L™
Tap water - 2.80 £ 0.60 -
10 12.20 £ 0.14 95.31
20 22.56 £ 0.01 98.95
River water - 5.20 +1.20 -
10 15.90 £ 0.16 104.61
20 23.90 £ 0.01 94.84
Underground - 5.30 £ 043 -
water 10 14.80 &+ 0.06 96.73
20 24.00 £+ 0.02 94.86
Conclusion

In this study, a temperature-controlled/assisted ionic lig-
uid-based dispersive liquid-phase microextraction (TCIL-
DLPME) was developed. This system maintained the green
analytical chemistry requirements. The results showed
the possibility of the high extraction efficiency and trace
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Table 4 Comparison of the proposed method for the determination of manganese(Il) with other preconcentration-ETAAS techniques

Preconcentration ~ Extraction solvent Real sample type/ Extraction Linear range EF LOD Sample References
technique type or adsorbent matrix time (g L™h (ng LY volume (mL)
LLE using water-  Kerosene Aqueous solu- 30 min - 820 0.02 1000 [30]
in-o0il emulsion tions
Cloud point extrac- Triton X-100 Tap and river 25 min 0-120 31 0.02 10 [31]
tion water samples
Solid-phase extrac- Cep-Pak C18 Brackish lake 60 min - - 0.1 50 [32]
tion cartridge water samples
On-line sorption in  Ammonium Biological and 30s 0.1-1.0 8 0.029 29 [33]
a knotted reactor pyrrolidine sea-water
dithiocarbamate ~ samples
(APDC) or
8-hydroxyqui-
noline (HQ)
On-line sorption in  1-Phenyl-3-me-  Biological certi- 30s 0.01-0.20 20.8  0.005 6.3 [29]
a knotted reactor thyl-4-benzoy- fied reference
lypyrazol-5-one  materials
Single-drop micro- 1-Butyl-3-meth- ~ Natural water 8 min 0.1-3.0 303 0.024 1.8 [28]
extraction ylimidazolium samples
hexafluorophos-
phate
TCIL-DLPME 1-Hexyle-3-meth- Underground, 6 min 0.1-3.0 58.7  0.023 10 This work
ylimidazolium river and tap
hexafluorophos-  water samples
phate
manganese(Il) determination using TCIL-DLPME and 9. V. Colombini, C.B. Montigny, L. Yang, P. Maxwell, R.E. Stur-
ETAAS, respectively. Comparison with previously reported geon, Z. Mester, Talanta 63, 555-560 (2004)
. .. 10. H. Shioji, S. Tsunoi, H. Harion, M. Tanaka, J. Chromatogr. A
ETAAS-preconcentration works (Table 4) indicates that 1048, 81-88 (2004)
linear range and LOD are better or comparable. Only the 11, A. Sarafraz-yazdi, A.H. Amiri, Trends Anal. Chem. 29, 1-14
work from [29] makes an exception. Among other benefits, (2010)
the developed method offers also to be simple, cheap and 12. ?4[; gloe(;g’ard’ K.E. Rasmussen, J. Chromatogr. A 1184, 132-
free of volatile organic solvents. 13. M. Rezaee, Y. Assadi, M.R.M. Hosseini, E. Ahmadi, S. Berijani,
J. Chromatogr. A 1116, 1-9 (2006)
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