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Introduction

As an important precious metal, gold is widely used in 
industry and economics due to its unique physical and 
chemical properties [1, 2]. The concentration of gold in 
environmental, geological and metallurgical materials is 
usually too low to be determined directly by flame atomic 
absorption spectrometry (FAAS) owing to insufficient sen-
sitivity and matrix interferences [3, 4]. Hence, preconcen-
tration technique has been an important aspect in the deter-
mination of gold besides the effect of other trace metal ions 
in complex matrices [5–7].

Many preconcentration methods have been developed 
for the determination of gold. Liquid–liquid extraction 
(LLE) and solid-phase extraction (SPE) have been the most 
classic and common alternative methods [8–10]. However, 
the extraction or elution procedure often requires a large 
amount of toxic organic solvent, which is hazardous to 
operators and the environment.

Recently, several microextraction (ME) approaches, 
aimed at miniaturizing the procedures and consuming less 
solvent and less time, etc., have been established for the 
analysis of gold in environmental samples. For example, 
different types of solid-phase microextraction (SPME) and 
liquid-phase microextraction (LPME) have been developed 
as alternative techniques to the classical LLE and SPE [8, 
11].

Compared with other ME, LPME is better due to its 
advantages: fast and simple operation, low cost, low con-
sumption of sample and solvent, and swiftness. Some 
novel sample preconcentration techniques have been devel-
oped based on LPME, including hollow-fiber LPME (HF-
LPME) [12], single-drop microextraction (SDME) [13] and 
dispersive liquid–liquid microextraction (DLLME) [14, 
15].
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When compared with the SDME and HF-LPME, 
DLLME exhibits a more wide application area and a rela-
tively high extraction efficiency, improved stability and 
possibly enhanced sensitivity and simplification of the 
extraction procedure. The DLLME technique streamlines 
the sample preparation step and can be used for isolation of 
both metal and organic analytes [16].

Room temperature ionic liquids (RTILs) are being 
recently considered as replacement solvents in sample 
preparation, because of their negligible vapor pressure, 
chemical and thermal stability, and good solubility in both 
organic and inorganic molecules. There has been enor-
mous interest in the development of analytical methods 
that exploit the unique physicochemical properties of ILs. 
Several pretreatments combined with ME technique have 
been introduced and developed in recent years to exploit 
alternative solvent systems containing ILs, such as ionic 
liquid (IL)-based headspace microextraction [17] and IL-
based hollow-fiber LPME (IL HF-LPME) [18, 19]. The 
DLLME technique based on ILs has become increasingly 
popular as a successful model of LPME. This technique 
has been applied for the trace analysis of metal ions, 
organic compound and other analytes. However, organic 
dispersive solvent is required, not only in typical DLLME 
but also in modified DLLME, to assist in the extraction 
of solvents (ILs) to form fine droplets within an aqueous 
solution.

In the present study, in situ metathesis reaction com-
bined with DILLME in conjunction with FAAS was 
introduced and applied to determine Au(III) in water sam-
ples. In the extraction procedure, a hydrophilic IL (+, 
[CnMIM]Br) and an ion-exchange reagent(NH4PF6) were 
added to the aqueous solution in sequence and a hydro-
phobic IL (l-alkyl-3-methylimidazolium hexafluorophos-
phate, [CnMIM]PF6) was formed as extraction solvent 
(Scheme 1). Infinite amounts of fine droplets guarantee 
the huge contact area between Au(III) and extractant. 
Au(III) was transferred easily into [CnMIM]PF6 without 
adding chelating agent and sedimented in the [CnMIM]
PF6 droplet after centrifugation. Furthermore, experi-
mental factors, such as type of [CnMIM]Br, vortex time 
and centrifugation times, the quantity of [CnMIM]Br 
and NH4PF6, volume of the sample solution, etc., were 
assessed and optimized.

Experimental

Materials and chemicals

An atomic absorption spectrometer model TAS-
990(Beijing Purkinje General Instrument Co., Ltd, China) 
was used for the determination of gold in air–acetylene 
flame. The instrumental settings of the spectrometer were 
as follows: wavelength, 242.8 nm; slit width, 1.0 nm; lamp 
current, 4 mA; acetylene flow, 1.5 L min−1; and air flow, 
3.5 L min−1 All pH values were measured by a PHS-25B 
pH-meter (Shanghai Precision and Scientific Instrument 
Co., Ltd., Shanghai, China). Shaking for all extractions was 
performed using an XK80-A vortex mixer from Jiangsu 
Xinkang Medical Apparatus (Jiangyan, china), and the 
phase separation of the sample solution was assisted with 
centrifuging (Model TDL80-2B, Shanghai Anting Science 
Instrument Factory, Shanghai, China).

The standard solution of Au(III) (1.0 mg/mL) (GSB 
04-1715-2004) and the standard reference materials 
(GBW(E)080175, analysis gold of standard reference mate-
rials in water) were purchased from Beijing standard mate-
rial net (Beijing, China, http://www.biogbw.com/Default.
htm). Working solution was diluted with doubly distilled 
deionized water prior to use. 10.0 mg/mL solutions of other 
metal ions (Cu2+, Ni2+, Co2+, Zn2+, Mn2+, Ca2+, Al3+, 
Pb2+, Fe3+) were obtained by dissolving the correspond-
ing metal salt in double-distilled water. Clark–Lubs buffer 
solution with pH 1.0 to 1.8 and Britton–Robinson buffer 
solutions with pH 1.8 to 12.0 were prepared according to 
the literature [20].

All materials were of analytical grade and spectral purity 
for all experiments. The doubly distilled deionized water 
was used throughout.

ILs of [CnMIM]Br (n = 4, 6, 8,10) were synthesized as 
described in the literature [14]. The main structure informa-
tion of these ionic liquids was confirmed by FT-IR (KBr 
pellet) at room temperature. As seen from Fig. 1, the char-
acteristic absorption peaks of RTILs are at 3,170, 3,125, 
2,930, 2,858, 1,573, 1,466, 1,169, 840 and 742 cm−1. These 
results were in good agreement with the publications [14]. 
100 mg/mL [CnMIM]Br aqueous solution of these ionic 
liquids was prepared before use.

In situ IL-DLLME procedure

A screw cap glass test tube with conical bottom was filled 
with 40 mL working standard solution containing 3.6 μg of 
Au(III) (or sample solution). Then, 5.0 mL Britton–Rob-
inson buffer solutions of pH 1.8 and 1.20 mL 100 mg/mL 
[CnMIM]Br were added to the solution and completely dis-
solved into the solution after gently shaking by hand for 
30 s. A cloudy solution was formed as soon as 4.00 mL 

→

Scheme 1  Formation of 1-hexyl-3-methylimidazolium hexafluoro-
phosphate by in situ halide exchange reaction

http://www.biogbw.com/Default.htm
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40 g/L NH4PF6 was added. Then the suspension was kept 
in a vortex for 4 min and subsequently centrifuged at 
3,000 rpm for 4 min to accomplish separation of the aque-
ous phase and the IL phase. The supernatant aqueous phase 
was then decanted completely by a syringe centered at the 
tube, and the IL phase settled at the bottom of the tube was 
about 420 μL (Fig. 2).

The extraction efficiency of gold

The concentration of Au(III) in the aqueous phase could 
be determined by FAAS against the same concentration 

of gold in the extraction system, but without [CnMIN]Br 
added. The extraction efficiency of Au(III) was therefore 
calculated with Eq. (A.1),

where cAu
aq(f), AAu

aq(f) and cAu
aq(i) AAu

aq(i) are the final (equilibrium) 
concentration and absorbance of Au(III) in the aqueous 
phase and the initial concentration of Au(III) in the aqueous 
phase, respectively.

The determination of gold in the IL phase

After in situ DLLME extraction, the IL phase was diluted 
to 2.0 mL with methanol containing 0.2 mL of 1.0 mol/L 
HCl solution. Then this solution was directly aspirated into 
the FAAS and the absorbance was calculated as concentra-
tion of gold from the working curve. All extraction experi-
ments were performed in triplicate.

Results and discussion

The effect of alkyl chain lengths

The characteristics of ILs, such as solubility in water, viscosity 
and extraction capacity, play a key role in influencing recov-
ery and enrichment factor [16]. A water-immiscible IL with 
very low solubility must be formed after the in situ IL-based 
DLLME procedure. Four kinds of ILs with different alkyl 

(A.1)EAu% =

c
aq(i)
Au − c

aq(f)
Au

c
aq(i)
Au

× 100 % = 1−
A
aq(f)
Au

A
aq(i)
Au

,

Fig. 1  The IR spectrum of [CnMIM]Br

Fig. 2  The extraction process 
of gold in situ IL-DLLME
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chain lengths, including [C4MIM]Br, [C6MIM]Br, [C8MIM]
Br and [C10MIM]Br, were selected in this study. The extrac-
tion efficiency of gold affected by the alkyl chain lengths 
of hydrophobic IL of [CnMIM]PF6 (n = 4,6,8,10), which 
was produced from the anion-exchange reaction between 
[CnMIM]Br as the initial hydrophilic IL and NH4PF6 as anion 
exchange, was investigated. As seen in Fig. 3, the results indi-
cated that the extraction efficiency obtained with [C10MIM]
Br was higher than those obtained with [C4MIM]Br [C6MIM]
Br and [C8MIM]Br. It was also found that [C4MIM][PF6] was 
almost entirely dissolved in the sample solution at the same 
experimental condition. The reason could be that the water sol-
ubility of these hydrophobic IL [CnMIM][PF6] was increased 
with the decreasing carbon chain length of alkyl group in the 
imidazolium cation [21, 22]. Therefore, [C10MIM][PF6] was 
selected as the extraction solvent for the following study.

The effect of acidity

Previous research has indicated that acidity has a great 
important effect on the speciation of gold [23]. [AuCl4]

− is 
stable in acid solution, readily hydrolyzed and exists as an 
equilibrium mixture which contains Au(OH)4

−, AuCl(OH)3
−, 

AuCl2(OH)2
− and AuCl3OH− if the solution is neutral or 

alkaline [24].
AuCl4

− + H2O → AuCl3OH− + H+ +Cl− K1 = 10−6.07

AuCl3OH− + H2O → AuCl2(OH)2
− + H+ 

+Cl− K2 = 10−7.00

AuCl2(OH)2
− + H2O → AuCl(OH)3

− + H+ 
+Cl− K3 = 10−8.06

AuCl(OH)3
− + H2O → Au(OH)4

− + H+ 
+Cl− K4 = 10−8.51.

To evaluate the effect of pH on the extraction of 
Au(III), the solutions were adjusted to a range of dif-
ferent acidities with the corresponding HCl solution 
[25], Clark–Lubs buffer solution (pH 1.0–1.8) and Brit-
ton–Robinson buffer solution (pH 1.8–12.0). The results 
indicated that Au(III) could be effectively extracted 
(E % > 95 %) by [C10MIM][PF6] when the pH was less 
than 4.0. The extraction efficiencies of gold decreased 
with the increase of pH, which declined to zero in 
alkaline solution (Fig. 4). Clark–Lubs buffer and Brit-
ton–Robinson buffer could both offer high extraction 
efficiency when the pH was set at 1.8. Under the experi-
mental conditions, PF6

− ion remains stable and is not 
readily hydrolyzed to release HF [26, 27]. Therefore, 
Britton–Robinson buffer solution of pH 1.8 was deter-
mined for further studies.

The effect of volume of [C10MIM]Br

The formation of the insoluble IL [C10MIM]-PF6 by 
metathesis, which helped in the dispersion of fine droplets 
generating enhanced extraction efficiencies, was mainly 
affected by the mixing molar proportions of the soluble IL 
[C10MIM]Br and the counterion salt (NH4PF6). Variable 
amounts of [C10MIM]Br (from 0.10 to 1.40 mL) with a 
fixed amount of 4.0 mL 40 g/L NH4PF6 were investigated 
to ensure a different molar ratio. Experiments were car-
ried out three times at each [C10MIM]Br volume. Figure 5 
showed that the extraction efficiency of Au(III) increased 
when the volume of [C10MIM]Br increased from 0.10 to 
1.0 mL and remained almost constant at the other volume 
levels. The reason was that the volume of [C10MIM]PF6 
drop formed after shaking was increased with increasing 

Fig. 3  Effect of different types of ILs on the extraction. Conditions: 
20.00 mL 160.00 μg/L Au(III), 5.00 mL pH 1.82 BR buffer solution, 
1.20 mL 100 mg/mL[C10MIM]Br, 4.00 mL 40 g/LNH4PF6

Fig. 4  The effect of pH on extraction efficiency and absorbance. 
Conditions: 20.00 mL 160.00 μg/L Au(III), 5.00 mL BR buffer solu-
tion of different pH, 1.20 mL 100 mg/mL[C10MIM]Br, 4.00 mL 40 g/
LNH4PF6
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amount of [C10MIM]Br. To obtain lower volumes of the 
final drop for the higher preconcentration and quantitative 
extraction, a [C10MIM]Br volume of 1.20 mL was chosen 
in further experiments.

The effect of volume of NH4PF6

In the in situ IL-DLLME method, salt is added to promote 
a metathesis reaction in which the counterion of the salt 
substitutes the counterion of the IL. This is accomplished 
ensuring that the formed IL, containing a different coun-
terion after reaction, is water insoluble. Different concen-
trations/volumes of NH4PF6 on the extraction of gold was 
studied. For a selected value of 1.20 mL of [C10MIM]Br, 
the effect was investigated by varying the molar ratio of 
NH4PF6(40 g/L) to [C10MIM]Br from 0.2:1 to 3.7:1. As 
shown in Fig. 6, the extraction efficiency increased and 
reached a constant level (95 %) when excess NH4PF6 of 
3.50 mL was added for the extraction (mole ratio 1.9:1). It 
was also found that the volume of [C10MIM][PF6] remains 
constant (about 420 μL) when excessive NH4PF6 was 
added (mole ratio > 2:1). Meanwhile the water solubility of 
[C10MIM][PF6] could be decreased with excessive NH4PF6 
added. Based on these results, 4.0 mL NH4PF6 was chosen 
for the subsequent investigations and the molar ratio was 
fixed to 3:1.

Effect of the vortex time and the centrifugation time

The in situ IL-DLLME method is based on utilizing a 
hydrophilic IL as extractant solvent of the analytes con-
tained in the aqueous solution. The hydrophilic IL is 
transformed into a hydrophobic IL through a metathesis 
reaction. This method generally requires the utilization 
of vortex or shaking to improve the kinetics of the metath-
esis reaction. In this study, vortex time and centrifugation 
time were evaluated to obtain higher extraction perfor-
mance. The vortex time was studied from 1 to 10 min for 
the extraction of 3.6 μg Au(III). It was observed that short 
vortex times (lower than 2 min) generated a turbid solution, 
and the further final drop was not easy to handle, even after 
centrifugation times of 15 min. Hence, a vortex time of 
4 min was selected. Centrifugation times were then studied 
between 1 and 15 min, and 4 min was selected as the lower 
centrifugation time which ensured a reproducible drop to 
handle. The overall sample treatment time, under optimized 
conditions, was roughly 9 min.

Effect of sample volume

An increase in the ratio of the volume of the aqueous phase 
to the organic phase will increase the preconcentration 
factor, but may reduce the extraction efficiency at a given 

extraction time [14]. The experiments were performed with 
the extraction of 100 μg Au(III) in a different sample vol-
ume ranging from 5.0 to 50.0 mL. The extraction efficiency 
of Au(III) was more than 95 % with the sample volume 
from 5.0 to 40.0 mL, which was decreased sharply after the 
sample volume was more than 40.0 mL. Thus, the sample 
volume of 40.0 mL was chosen for the experiments.

The extraction capacity of Au(III)

The extraction capacity (the maximum extraction amount 
of analyte on 1.00 g extraction solvent) of [C10MIM]Br 
with excessive addition of NH4PF6 for Au(III) was studied. 

Fig. 5  The effect of [C10MIM]Br. Conditions: 20.00 mL 
160.00 μg/L Au(III), 5.00 mL pH 1.82 BR buffer solution, 4.00 mL 
40 g/LNH4PF6

Fig. 6  The effect of NH4PF6. Conditions: 20.00 mL 160.00 μg/L 
Au(III), 5.00 mL pH 1.82 BR buffer solution, 1.20 mL 100 mg/
ml[C10MIM]Br
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As shown in Fig. 7, when the concentration of Au(III) was 
higher than 250 μg/mL, the extraction recovery of Au(III) 
arrived at its maximum value, and the extraction capacity 
was calculated to be 97.5 mg/g.

Effect of coexisting ions

Generally, besides gold, electronic waste water can be 
defined as a mixture of various metals, particularly cop-
per, cobalt, nickel, zinc, lead and iron. The high concentra-
tion of these metal ions could interfere with the extraction 
of gold, limiting the applicability of the recovery process 
and analysis of gold. In these experiments, 10 μg Au and 
various amounts of interfering ions were treated according 
to the proposed method. The results obtained are given in 
Table 1. Among the ions examined, most could be toler-
ated up to milligram levels. Thus, this method is selective 
and can be used for extraction and determination of gold in 
the chloride medium and electronic waste aqueous solution 
[23].

Analytical performance

Calibration curve for the determination of gold was pre-
pared according to the proposed procedure under the opti-
mum conditions. The linearity was maintained in the con-
centration range of 0.9–400 ng/mL in the original solution. 
The equation of the line is A = 2.1054c + 0.0034 with the 
regression coefficient 0.9978 where A is the absorbance 
and C is concentration of Au(III) (μg/mL). The limit of 
detection (LOD) of the present work based on three times 
standard deviations of the blank was 0.13 ng/mL. The 
enhancement factor, defined as the ratio of slope of precon-
centrated samples to that obtained without preconcentration 
(A = 0.0887c (μg/mL) + 0.0051, linearity range from 0.04 
to 8.0 μg/mL, LOD = 0.008 μg/mL), was 23.7.

Real samples’ analysis

To assess the capability of the method for real samples with 
different matrices containing varying amounts of diverse 
ions, the method was applied to the extraction and deter-
mination of gold in the certified reference material. Au(III) 
in a certified reference material (GBW(E)080175, certi-
fied value: 100 ± 1.4 ppm) was determined; the result was 
98.4 ± 1.5 ppm and the recovery was 98.4 %. There was 
no significant difference between the found value and the 
certified value for gold by t test.

To evaluate the accuracy of the procedure, recov-
ery experiments were also carried out with spiked water 
samples and synthetic sample because certified refer-
ence materials for gold were not available. The results are 
given in Table 2. The recovery percentages of gold ions 

Fig. 7  The extraction capacity of Au(III). Conditions: 5.00 mL pH 
1.82 BR buffer solution, 1.20 mL 100 mg/ml[C10MIM]Br, 4.00 mL 
40 g/LNH4PF6

Table 1  Effect of diverse metal ions on the extraction of Au(III)

Interfering ions Mole ratio Interfering ions Mole ratio

Na+ 60,000 Al3+ 10,000

K+ 50,000 Pb2+ 1,000

Ca2+ 30,000 Ni2+ 1,000

Mg2+ 30,000 Fe3+ 100

Cu2+ 6,000 Pd(II) 2,000

Zn2+ 10,000 Pt(IV) 200

Mn2+ 8,000 Ir(II) 100

Table 2  The result of determination of gold in the synthetic sample 
(n = 3)

a synthetic sample: the concentrations of Au(III) were 0.050 μg/mL

The other metal ion concentrations of Ca(II), Zn(II), Mg(II), Ni(II) 
and Fe(III) were 100 μg/mL and the concentrations of Pt(IV), Pd(II) 
and Ir(IV) were 1 μg/mL

Conditions: pH 1.8; buffer solution, 4 mL

Sample Added 
(ng/mL)

Found 
(ng/mL)

RSD 
(%)

Recovery 
(%)

River water – ND – –

20.0 18.87 ± 0.76 2.98 94.3

40.0 39.23 ± 4.45 4.56 98.1

Tap water – ND – –

20.0 19.43 ± 2.11 4.38 97.2

40.0 39.43 ± 2.54 2.59 98.5

Synthetic 
watera

– 48.50 + 1.97 1.64 97.0

50 48.83 + 4.97 4.10 97.6

100.0 95.80 ± 4.24 1.78 95. 8
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were evaluated and the results showed that the real sample 
matrixes did not affect the recovery of gold.

To investigate the applicability of the proposed extrac-
tion method, the extraction and recovery of Au(III) from 
electric wastes were carried out. The weight composi-
tion of metals for this electronic waste was: 0.16 %Au, 
15.54 %Cu, 10.62 % Ni, 2.13 % Co, 1.56 % Mn, 16.15 % 
Zn, 0.79 % Cr and 7.56 % Fe. The concentration of gold 
in the aqueous solution before and after the extraction was 
55.4 and 1.56 μg/mL, respectively, which means more than 
97 % Au(III) was extracted into the RTIL phase. Hence, 
this study could produce a promising method to recover 
gold from electronic waste.

Conclusion

The in situ metathesis ionic liquid formation for dispersive 
liquid–liquid microextraction of gold without chelating 
agents was demonstrated. This technique can be employed 
for preconcentration of gold in water samples. Using in situ 
metathesis ionic liquid formation, the amount of organic 
(ionic liquid) phase was minimized. The microliter amount 
of [C10MIM][PF6] was employed as an extraction sol-
vent, which was more environmentally friendly because 
of its low volatile and nonflammable properties and has 
the potential to replace traditional VOCs in DLLME pro-
cedures for gold preconcentration. The effect of complex 
matrices presented in the samples was tolerable by the pro-
posed method. A low limit of detection and good precisions 
were achieved for the analyte. The analytical performance 
of the method was compared with other methods for the 
preconcentration and analysis of gold with FAAS reported 
in literatures (Table 3). The presented method exhibited a 
suitable preconcentration factor and higher capacities com-
pared with the majority of the reported methods.
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Au(III) Solid-phase extraction FAAS 50 0.21 3.56 [7]

Au(III) Solid-phase extraction FAAS 31 1.61 8.1 [5]

Au(III) Solid-phase extraction FAAS 100 0.8 7.5 [6]

Au(III) In situ IL-DLLME FAAS 24 0.13 97.5 This work
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 24. N. Bjerrum, Bulletin des Societes Chimiques Belges 57, 432 
(1948)

 25. E. Baumgartner, M. Busch, R. Fernández-Prini, Journal of Physi-
cal Chemistry 74, 1821 (1970)

 26. D.W. Davidson, S.K. Garg, Canadian Journal of Chemistry 50, 
3515 (1972)

 27. M.R. Moghadam, S. Dadfarnia, A.M.H. Shabani, Journal of Haz-
ardous Materials 18, 169 (2011)
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