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Abstract A new, simple and efficient method, including
dispersive liquid—liquid—solidified floating organic drop
microextraction and then electrothermal atomic absorp-
tion spectrometry, has been developed for the
preconcentration and determination of ultratrace amounts
of indium. The method was applied to preconcentrate the
indium—1-(2-pyridylazo)-2-naphthol complex in 25 uL 1-
undecanol. The various factors affecting the extraction
efficiency, such as pH, type and volume of extraction
solvent, type and volume of disperser solvent, sample
volume, ionic strength, and ligand concentration, were
investigated and optimized. Under the optimum condi-
tions, an enrichment factor of 62.5, precision of
+4.75%, a detection limit of 55.6 ng L', and for the
calibration graph a linear range of 96.0-3360 ng L'
were obtained. The method was used for the extraction
and determination of indium in water and standard sam-
ples with satisfactory results.
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Introduction

Indium belongs to group 13 of the periodic table and is a
crystalline, ductile, very soft, and malleable metal that can
maintain its plastic properties at cryogenic temperatures.
Also, it is a toxic element, and exposure to indium compounds
can cause different types of cancer [1].

The estimated abundance of indium in Earth’s crust is very
low (50 mg kg™), and is similar to that of silver. Like other
rare metals, indium can be recovered as a by-product of elec-
trolytic refining of zinc [2].

Use of indium will increase significantly in the next few
decades, particularly because of the production of new types
of equipment, such as high-definition televisions, liquid
crystal displays, semiconductors, different types of batteries,
low-temperature solders, infrared photodetectors, and solar
cells [3].

Most applications of indium are in the form of indium tin
oxide (ITO). ITO is a sintered alloy containing a large portion
of indium oxide and a small portion of tin oxide. It is a supe-
rior transparent and conductive material and is used extensive-
ly for the making of thin-film transistor liquid crystal displays
for television screens, cell phone displays, and portable-
computer screens [4, 5]. Also, ITO thin film is an optoelec-
tronic material and has some important and unique properties,
such as transparency to visible light, electrical conduction, and
thermal reflection [6]. Because of the wide range of applica-
tions of this compound, more than 50% of the world’s yearly
ITO production is used by industry [7].

In recent years, because of widespread applications of in-
dium, its use has increased significantly. Although it is pre-
dicted that indium applications will increase in many of the
future technology areas, minerals containing indium as a main
constituent are unknown. Indium determination is difficult
because of its low concentration in most real materials and
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the high concentration of interferences. The development of
extraction and preconcentration methods for this rare metal is
therefore very important [8]. Various techniques have been
used for the separation and preconcentration of indium, such
as cloud point extraction [9], coprecipitation [10], and electro-
chemical methods [11].

Liquid-liquid extraction is one of the commonest extrac-
tion procedures [12—14]. In recent decades, researchers have
been interested in improving green analytical methods. The
main goal of green analytical chemistry is the substitution or
minimization of toxic solvents and reagents. Therefore, stud-
ies have focused on miniaturizing the traditional liquid-lig-
uid extraction procedure by decreasing the volume ratio of
the organic solvent to the aqueous phase. This has led to the
development of microextraction techniques such as homoge-
neous liquid-liquid microextraction, single drop
microextraction, dispersive liquid—liquid microextraction
and solid-phase microextraction. The principal advantages
of the techniques mentioned are the low volume of the sol-
vents used and their capability to detect analytes at low
concentrations [15].

In recent years, a new liquid—liquid microextraction meth-
od—namely, solidified floating organic drop microextraction
(SFODME), which is a modified solvent extraction method—
has been applied for the preconcentration and determination of
different analytes. This method has benefits such as very low
organic solvent consumption, low cost, simplicity, and a high
enhancement factor [16-21].

To the best of our knowledge, there is no previous literature
report on the use of dispersive liquid-liquid-SFODME (DLL-
SFODME) and electrothermal atomic absorption spectrome-
try (ETAAS) for the preconcentration and determination of
indium ions in real samples. In this procedure (DLL-
SFODME), 1-(2-pyridylazo)-2-naphthol (PAN) was used as
the complexing agent, 1-undecanol was used as the extraction
solvent, and ethanol was used as the disperser solvent. The
influence of some important parameters, such as pH, type and
volume of extraction solvent, type and volume of disperser
solvent, sample volume, ionic strength, and ligand concentra-
tion, was studied and optimized.

Experimental
Reagents and standards

Indium(III) stock solution (1000 mg L") was purchased from
Merck (Darmstadt, Germany). Working standard solutions of
indium were prepared freshly at different concentrations by
dilution of the stock standard solution with deionized water.
The complexing agent (0.05% w/v) solution was prepared by
addition of 0.05 g PAN (Merck, Darmstadt, Germany) to a
100-mL volumetric flask and dilution with ethanol. 1-
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Undecanol, 2-undecanone, 1-hexadecanethiol, acetone, aceto-
nitrile, PA(NO3),, hydrofluoric acid, hydrochloric acid, etha-
nol, and methanol were purchased from Merck (Darmstadt,
Germany). A salt solution (10% w/v) was prepared by addi-
tion of 10.0 g sodium nitrate (Merck, Darmstadt, Germany) to
a 100-mL volumetric flask and dilution to the mark with de-
ionized water. All reagents used were of the highest purity, and
deionized water was used throughout. The laboratory glass-
ware and polyethylene tubes were kept in 10% HNO5 (Merck,
Darmstadt, Germany) for 24 h, washed with deionized water,
and dried.

Instrumentation

All indium measurements were performed with a Varian
Spectra AA 220 atomic absorption spectrometer with a deu-
terium lamp for background correction equipped with a graph-
ite furnace (GTA-110 series). The instrumental parameters for
ETAAS were as follows: wavelength, 325.6 nm; spectral
bandwidth, 0.5 nm; lamp current, 5 mA; signal measurement,
peak height; sample volume, 20 pL; volume of PA(NO5), as a
modifier, 5 uL. The ETAAS thermal programs were as fol-
lows: drying in three steps (temperatures 85, 95, and 120 °C,
times 5, 40, and 10 s, and argon flow rates 3.0 L min’l), ashing
in two steps (first step: temperature 600 °C, time 6 s, and argon
flow rate 3.0 L min'l; second step: temperature 600 °C, time 2
s, and argon gas off), and atomization (temperature 2700 °C,
time 3.3 s, argon gas off and cleanup; temperature 2800 °C,
time 2 s, and argon flow rate 3.0 L min’l).

A centrifuge (6000 rpm, model 88-2750, Sahand Teb Aria,
Iran) was used for faster separation of the organic phase from
the aqueous phase. The pH measurements were done with a
Metrohm 827 pH meter.

Suggested procedure

For DLL-SFODME, a 2.0 mL solution containing 20.0 ng
indium, 1.0 mL PAN solution (0.05% w/v), and 0.4 mL sodi-
um nitrate solution (10% w/v) was poured into a polyethylene
tube and its pH was adjusted to 7 (with 2.0 mL buffer solu-
tion). In the next step, 25.0 uL 1-undecanol (as the extraction
solvent) was mixed with 500.0 pL ethanol (as the disperser
solvent) and dispersed in the previously prepared sample.
After the mixture had been centrifuged for 8§ min at
3000 rpm, 1-undecanol droplets containing the indium com-
plex floated on the top surface of the sample solution. The
tube was inserted into an ice bath until solidification of 1-
undecanol droplets occurred. Then, the solidified droplets
were collected, transferred into a vial, and allowed to melt.
Finally, to facilitate the injection, the volume of melted extrac-
tion solvent was increased to 400 uL with ethanol, and the
resultant solution was injected.
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Sample preparation
Water samples

Two water samples—tap water (Kerman drinking water,
Kerman, Iran) and seawater (Caspian Sea, Gilan, Iran)}—were
chosen. These water samples were filtered to remove the
suspended particles, placed in a refrigerator, and the method
studied was applied for the determination of indium content.

Standard sample

A 0.1 g standard reference material (SRM 2710) was digested
by application of 5 mL of a mixture containing hydrochloric
acid, nitric acid, and hydrofluoric acid (4:4:2 v/v/v), trans-
ferred to a 100-mL measuring flask, and diluted to the mark
with deionized water. An aliquot of this solution was taken
and its indium content was measured by the suggested
method.

Results and discussion

A combination of DLL-SFODME and ETAAS was used for
the preconcentration and determination of ultratrace quantities
of indium ions. To obtain the best recoveries, various param-
eters, such as pH, volume of PAN as the complexing agent,
type and volume of disperser and extraction solvents, sample
volume, and ionic strength, were studied and optimized.
Eventually, the optimum method was used successfully for
the determination of indium in some real and standard
samples.

Effect of pH

The effect of pH was investigated between 3.0 to 10.0 and the
results are reported in Fig. 1. As can be seen, indium was
extracted quantitatively in the pH range from 3.8 to 8.5.
Thus, further experiments were performed at pH 7 for
convenience.

Type and volume of extraction solvent

A suitable solvent for indium extraction has properties such as
density lower than that of water, high extraction capability for
indium, low solubility in water, and melting point close to
room temperature. To achieve impressive preconcentration,
the choice of the extraction solvent and its volume have a
significant effect in the recommended process. The organic
solvents 1-hexadecanethiol, 2-undecanone, and 1-undecanol
were studied, and the results show that 1-undecanol has the
highest extraction efficiency (98.3%) in comparison with 2-
undecanone (0%) and 1-hexadecanethiol (66.7%). So 1-
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Fig. 1 Effect of pH on the extraction efficiency of indium. The

experimental conditions were as follows: amount of indium, 12.5 ng;

sample volume, 25 mL; 1-undecanol volume: 25 pL; ethanol volume,

500 pL; centrifugation time and rate, 8 min and 3000 rpm

undecanol was selected as the most appropriate extraction
solvent.

The effect of 1-undecanol volume on the extraction effi-
ciency of indium ions was studied. For this purpose, different
volumes of 1-undecanol (5-100 pL) were tested. Figure 2
shows that the minimum required amount of 1-undecanol
for the quantitative extraction of indium is 25.0 uL.
Therefore, to achieve the highest enrichment factor, 25.0 uL
of 1-undecanol was used.

120 1

80 1

Recovery (%)

40

0 40 80 120
Volume of extractant solvent (uL)
Fig. 2 Effect of volume of the extractant solvent on the extraction

efficiency of indium. The experimental conditions were the same as for
Fig. 1. except for the 1-undecanol volume (pH 7)
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Effect of PAN volume

PAN was chosen as a ligand because of its capability to form a
strong complex with indium ions. PAN (0.05% w/v) volume
was investigated in the range from 0.5 to 1.5 mL (4.4x10™—
1.1x10° mol L™"). The results obtained demonstrated that an
enhancement in the extraction recovery of indium ions occurs
with increasing PAN volume up to 1.0 mL (8.0x10™ mol L")
and remains constant for greater volumes. Thus, 1.0 mL PAN
solution (0.05% w/v) (8.0x10™* mol L") was used for subse-
quent experiments.

Type and volume of disperser solvent

A suitable disperser solvent is miscible with both an
aqueous solution and the extraction solvent. To identify
the best disperser solvent, ethanol, acetone, methanol,
and acetonitrile were tested. The results obtained
(Fig. 3) show that the indium extraction efficiency with
methanol and ethanol was quantitative, but because of
the toxicity of methanol, ethanol was chosen as the dis-
perser solvent.

Furthermore, various volumes (50-1000 pL) of ethanol
as the disperser agent were investigated. In the range from
100 to 450 pL, the extraction solvent was not sufficiently
dispersed and the extraction recovery was not quantitative,
but complete dispersal occurred in 500 pL and dispersal
was less for greater ethanol volumes. So 500 pL was se-
lected as the optimum volume of the disperser solvent.

100 ~

50

Recovery (%)

0 /
Ethanol Methanol Acetonitrile Acetone
Disperser solvent
Fig. 3 Effect of disperser solvent type on the extraction efficiency of
indium. The experimental conditions were the same as for Fig. 1.
except for the disperser solvent (pH 7)
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Ionic strength

To study the ionic strength effect on the extraction recovery of
indium, we performed various experiments by varying the
NaNO; (10% w/v) volume between 0.1 and 0.8 mL. The
results show that the extraction recovery increases with in-
creasing NaNOj3; volume up to 0.4 mL and remains constant
for greater volumes. Therefore, 0.4 mL NaNOj (10% w/v)
was selected as the optimum salt concentration.

Effect of sample volume

The preconcentration capability of the DLL-SFODME system
was studied by application of various sample volumes (8—
25 mL). The results demonstrated that quantitative
preconcentration occurs for all volumes studied. Because of
the restriction imposed by the size of the polyethylene tubes,
the indium preconcentration procedure was not investigated
for volumes larger than 25 mL. On the basis of the final pre-
pared volume of 1-undecanol (400 pL) and the largest sample
volume for which the extraction can be quantitative (25 mL),
an enrichment factor of 62.5 was obtained.

Interference discussion

The applicability of the DLL-SFODME method for the
preconcentration of indium ions in the presence of sev-
eral anions and cations was studied. The endurance level
was described as the maximum quantity of interference
that can produce £5% error in the determination of indi-
um content. The endurance level of each interfering ion
was studied (mole ratio of interfering ion to indium of
2000), and if interference was observed, the ratio was
decreased until it stopped. Table 1 lists the species stud-
ied and their maximum tolerable amounts. As can be
seen, various ions did not interfere even at high concen-
trations, and so this method is suitable for the determi-
nation of indium ions in different samples.

Performance characteristics

Under the optimized conditions, the performance characteris-
tics of the recommended DLL-SFODME-ETAAS method
were computed by use of indium standard solutions. The dy-
namic linear range for indium determination was from 96.0 to
3360 ng L' in the initial solution. The enrichment factor,
detection limit, and quantification limit were 62.5, 55.6 ng
L', and 185.3 ng L' respectively. The method’s relative
standard deviation was calculated as +4.75% by application
of seven standard solutions containing indium at 800 ng L™,
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Table 1 Effect of

coexisting ions Foreign Foreign ion/  Recovery

ion indium ratio (%)

ca** 2000 953+5.7
Mg** 2000 99.1+5.0
S04 1500 97.5+53
cr 2000 100.2 + 4.8
Agt 450 100.3 +4.7
Nz 200 98.6+53
Mn?* 250 97.3+39
Co** 300 96.6 + 4.4
Pb>* 2000 99.0 £ 4.7
Cu** 800 954+53
cd* 1500 97.7+6.0
AP 750 98.2 £ 4.0
Zn** 250 95.1+48
Na* 2000 98.6 + 5.1
CH;COO™ 2000 983 +5.0
K* 2000 959+ 4.4
NOy 2000 958 +49

Method applications

To determine the validity of the method, the suggested proce-
dure was used for the determination of indium ions in two
water samples (tap water and seawater). The trustiness of the
method was studied by the analysis of samples with the addi-
tion of known amounts of indium (spiking). As can be seen
from Table 2, the recoveries of the spiked samples at the 95%
confidence level are satisfactory.

To check the method’s accuracy, this procedure was used
for indium determination in a standard reference material
(SRM 2710); the results obtained are given in Table 3. As
can be seen, the results are in good agreement with the
reference values, and there is no considerable difference be-
tween the results and the accepted values. Thus, the

Table 2  Determination of indium in real samples

Sample Spiked (ng LY Found® (ng Lh Recovery (%)
Tap water” - ND -
200.0 1954 97.7+£52
500.0 491.6 983 +£4.8
Seawater® 0.0 ND -
200.0 204.8 102.4+49
500.0 201.7 100.8 £4.2
ND not detected

4 Mean =+ standard deviation (n = 3)
b Kerman drinking water, Kerman, Iran

¢ Caspian Sea water, Gilan, Iran

Table 3  Analysis of indium in standard reference material SRM 2710

Composition (mg kg ") Spiked Found® Recovery
(%)

C:3%

Br:6,Ce:57,Cs:107,Cr:39,Co:10

Dy:5.4,Eu:1,Ga:34,Au:0.6,Hf:3.2

Ho:0.6,La:34,M0:19,Nd:23,Rb:120 - 49mg kgﬁl 96.1 £5.1

Sm:7.8,S¢:8.7,Sr:330,T1:1.3,Th: 13
W:93,U:25,Yb:1.3,Y:23
In:5.1

# Mean =+ Standard deviation (n=3)

suggested method is accurate for the determination of indi-
um in different samples.

Comparison with previously reported methods

In Table 4, the performance characteristics of the recommend-
ed DLL-SFODME-ETAAS method are compared with those
of other indium determination methods [9, 10, 22-30]. The
suggested procedure has many advantages, such as high sen-
sitivity, broad linear range, and high preconcentration factor.
Also, it has the lowest detection limit, except for two previ-
ously reported methods [10, 25], and the best enrichment fac-
tor, except for three previously reported methods [10, 22, 24].
Furthermore, only 25.0 uL 1-undecanol was used as the

Table 4 Comparison of dispersive liquid—liquid—solidified floating
organic drop microextraction and electrothermal atomic absorption
spectrometry (ETAAS) with other indium determination methods

Analysis method EFor RSD LR LOD Reference
PF (%)  (uglh)  (mgLh

FAAS 50 1.40 2-150 1250 9]

FAAS 250 1.5 3.0-100 1820 [22]
FAAS - 3% - 4x10° [23]
SQT-AT-FAAS 400 - 10-250 2600 [24]
Spectrophotometry — 1.52 78-1520 35 [25]
Spectrophotometry 20 3.1 10-100 2060 [26]
ICP-OES 10 1.9 - 540 [27]
ICP-OES 12 1.2-1.6 2-200 280 [28]
ETAAS 33 <4.9 10-250 2750 [29]
ETAAS 100 3.54.5 Upto30 40 [10]
ETAAS - 0.1-2.1 - 80 [30]
ETAAS 625 475 0.096-3.360 55.6 This work

EF enrichment factor, FAAS flame atomic absorption spectrometry, /CP-
OES inductively coupled plasma optical emission spectrometry, LOD
limit of detection, LR linear range, PF preconcentration factor, RSD rel-
ative standard deviation, SOT-AT-FAAS slotted quartz tube—atom trap
flame atomic absorption spectrometry
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extraction solvent, so this method can be considered as a green
and environmentally friendly method.

Conclusion

In the present study, a new method including DLL-SFODME
in combination with ETAAS was used for the extraction,
preconcentration, and quantification of indium ions. Indium
ions can form a strong and stable complex with PAN and
preconcentrate in 25.0 pnL 1-undecanol. In comparison with
the traditional liquid—liquid extraction with high organic sol-
vent consumption, this method uses only 25.0 pL of extrac-
tion solvent. Besides its high enrichment capability, some oth-
er advantages of the recommended technique are the enhance-
ment of ETAAS sensitivity, simplicity, high speed, and envi-
ronmental friendliness.
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