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bstract

Indium and its compounds have numerous industrial applications in the manufacture of liquid crystal displays and semiconductors. Indium
ompounds are considered hazardous materials that can be carcinogenic. Supercritical fluid extraction using carbon dioxide was utilized in
his research as a sample pretreatment step for extraction of indium(III) ions from the synthetic etching wastewater of the semiconductor and
ptoelectronic industries. Several parameters, including various chelating agents, pH of solution, molar ratio of chelating agent to indium(III) ions,
emperature and pressure were systematically investigated. Indium(III) ions were extracted by supercritical CO2 combined with several various
ypes of chelating agents including �-diketone (AcAcH), fluorinated �-diketone (TTAH), thiopyridine (PySH), and piperidinyldithiocarbamic acid
NCS2H) to extract the ions from acidic aqueous solution. The performance of the various chelating agents from different studies indicated that
he extraction efficiency by the supercritical CO2 was in the order: NCS2H�PySH > TTAH � AcAcH. The optimum pH for supercritical CO2
xtraction should fall in the range from 2.0 to 3.0. The optimum molar ratio of chelating agents to indium(III) ions was found to be a ratio of 10:1.
t was also revealed that the optimal extraction pressure and temperature for the supercritical CO2 extraction of indium(III) with various chelating
gents AcAcH, PySH and NCS2H were 70 ◦C 2000 psi, 60 ◦C 2000 psi, and 60 ◦C 2000 psi, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Indium is a metallic element in the IIIA column of the periodic
able and is incorporated into III–V compound semiconductor

aterials, such as indium arsenide (InAs) and indium phos-
hide (InP). Indium and its compounds have numerous industrial
pplications, and it is extensively used in the manufacture of
iquid crystal displays, semiconductors, low-temperature sol-
ers and infrared photodetectors [1,2]. The three major uses
re derived from indium metal, its alloys and indium–tin oxide
ITO). More than one-half of the world’s indium consumption
s for indium–tin oxide (ITO) coatings [3]. ITO, which is a sin-

ered alloy containing a large portion of indium oxide and a
mall portion of tin oxide, is an optically transparent conductor
nd is used in the making of thin-film transistor liquid crystal
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isplays (TFT-LCDs) for television screens, portable computer
creens, cell phone displays and video monitors. Responding
o the expanding demand for such displays, LCD production
s rapidly increasing, especially in Asian countries, including
aiwan. Because of the demand for TFT-LCD or semiconduc-

or materials, the consumption of ITO or indium can also be
ssumed to be increasing. While indium and its compounds
xhibit excellent semiconductor properties, they can exit in the
ischarged etching wastewater from semiconductor or optoelec-
ronic plants, and are suspected to be carcinogenic to human
eings, damaging the heart, kidney, and liver [4]. Hence, the
xtraction of this rare metal (indium) is a promising area to
nvestigate.

One of the most general methodologies for the extraction of
etal ions from aqueous is the reaction of a metal ion with a
pecific chelating agent to form a metal chelation followed by
olvent extraction. Most of the papers related to extraction of
etal ions from solid and liquid samples used chelation com-

ined with solvent extraction [5–7]. However, these solvent

mailto:wlchou@sunrise.hk.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.10.052
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xtraction procedures are usually time-consuming and labor-
ntensive. In addition, solvent extraction requires many organic
olvents and often creates environment problems. Owing to the
xtensive environmental problems resulted from the pollution
f organic solvents and the increased environmental legislation
imiting the use of conventional solvents. In contrast, super-
ritical fluid extraction would be a viable “green” alternative
s relatively fast, and its selectivity can be controlled. Super-
ritical fluids possess densities that are greater than those of
ases but corresponding to those of liquids, which mean they
re regarded as solvents. The combined liquid-like solvating
apabilities and gas-like transport properties of supercritical
uids result in improved mass transfer and reduced extraction

ime. Furthermore, the dissolving power of supercritical fluids
an be modified by altering the extraction pressure or temper-
ture. Supercritical fluid extraction (SFE) has gained increased
nterest as a promising alternative medium of more environmen-
al soundness for replacement of conventional organic solvent
xtraction due to the properties of supercritical fluids, such as
igher diffusivity and low viscosity [5–8].

Among the supercritical fluid mediums, carbon dioxide
CO2) is the most favored due to its non-toxicity, non-
ammability, good transport properties (density, viscosity, and
iffusivity), low critical conditions (304.2 K and 7.38 MPa) and
inimization of waste solvent generation and direct removal of

nalytes from substrates. Most of the studies in the past literature
egarding SFE have related to organic compounds, while studies
n supercritical CO2 extraction of metals from aqueous solutions
re relatively few. Carbon dioxide is highly non-polar, so that
irect extraction of metal ions by supercritical CO2 is known to
e highly inefficient because of the charge neutralization require-
ent and weak solute–solvent interactions. One approach to
FE of metals is by converting charged metal ions into neutral
etal chelates using chelating agents dissolved in supercritical
O2. The success of such an in situ chelation–supercritical CO2
xtraction technique for metal extraction from aqueous solution
epends mainly on the effectiveness of chelating agents. There-
ore, with regard to the selection of proper chelating agents,
upercritical CO2 extraction may provide a means of metal spe-
iation in various samples. When metal ions are chelated with
uitable organic ligands and form neutral species, their solubil-
ty in supercritical CO2 can be significantly increased [8–13].
s a result of these favorable properties of supercritical CO2

s a solvent, this in situ chelation–supercritical CO2 extraction
echnique with proper chelating agents seems to have a wide
ange of applications, including the treatment of metal contami-
ated waste materials and mineral processing. Most of the papers
elated to the separation and enrichment of metal ions (includ-
ng indium) used methods such as co-precipitation [14], solvent
xtraction [15,16], electroanalytical techniques [17], and solid-
hase extraction [18–20]. However, there is scant research in
he application of the supercritical CO2 extraction of indium(III)
ons. It is therefore essential to develop corresponding pollution

ontrol and diminution processes to catch up with the grow-
ng semiconductor and optoelectronic industries, although these
echnologies have not so far been extensively employed in these
ndustries. From the view point of this practical motivation, the
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ain objective of this work was to study the extraction effi-
iency of indium(III) ions from synthetic etching wastewater of
emiconductor and optoelectronic industries in the presence of
upercritical CO2 under various operating parameters. Several
actors, including various chelating agents, pH of solution, molar
atio of chelating agent to indium(III) ions, extraction temper-
ture and pressure, governing the efficiency and throughput of
he procedure were investigated. In the following experiments,
everal different kinds of chelating agents, including �-diketone
AcAcH), fluorinated �-diketone (TTAH), thiopyridine (PySH)
nd piperidinyldithiocarbamic acid (NCS2H) have been also
ested for their ability to extract indium(III) ions from acidic
queous solution in the presence of supercritical CO2.

. Experimental

.1. Chemicals and reagents

The standard reference material used in the experimental
tudies was the indium standard solution (from NIST, In (NO3)3
n HNO3 0.5 mol/l) from Merck (Darmstadt, Germany) with
urity of at least 99%. In addition, methanol was also purchased
rom Merck with a purity of at least 99%. Supercritical fluid
rade carbon dioxide supplied in a cylinder was used as received
rom a commercial supplier in Taichung, Taiwan. Acetylace-
one (AcAcH) and thenoyltrifluoroacetone (TTAH) were used
s chelating agents and supplied, respectively, by Merck and
ldrich (St. Louis, MO, USA), with purities of at least 99%.
oreover, thiopyridine (PySH) and piperidinyldithiocarbamic

cid (NCS2H) were also used as chelating agents, and purchased
rom Acros (Geel, Belgium) with purities of at least 98%. All
ater used was distilled and deionized. The chemical structures
f the various chelating agents used in this study are given in
ig. 1.

.2. Extraction apparatus

SFE was carried out by using the SFX-220 extraction sys-
em (ISCO, Lincoln, NE, USA) that consists of an SFX-220
xtractor equipped with a linear coaxially restrictor heater and
50-�m i.d. fused-silicon capillary restrictor, an SFX-220 con-

roller, and model 260 D syringe pump. The schematic diagram
f the experimental apparatus for supercritical CO2 extraction
s shown in Fig. 2.

.3. Method

The ISCO 260D syringe pump was used to deliver CO2 to
he extraction unit at constant pressure. The liquid carbon diox-
de was delivered to the extractor until the desired pressure and
emperature were reached, which varied from run to run between
500–3500 psi, and 40–80 ◦C, respectively. All samples of SFE
ere directly added to a 10-ml extraction vessel with a total

O2 volume of 15 ml. In each experiment 50 �l of indium stan-
ard, 2 ml acid matrix, and certain amount of chelating agents
AcAcH, TTAH, PySH, and NCS2H) were added to the quartz
ample vial inside the extraction vessel. Optimized extraction
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Fig. 1. Structure of chelating agents: (a) acetylacetone (AcAcH); (b) thenoyltri-
fluoroacetone (TTAH); (c) thiopyridine (PySH); (d) piperidinyldithiocarbamic
acid (NCS2H).

Fig. 2. Experimental apparatus of SF-CO2 system: (a) CO2 vessel; (b) syringe
pump; (c) extractor; (d) extraction vessel; (e) restrictor; (f) collection solvent;
(g) vent gaseous CO2.
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onditions were obtained by sequentially varying one exper-
mental parameter while all other parameters remained fixed.
he vessel contents were extracted with supercritical fluid CO2
t a temperature of 70 ◦C and a pressure of 2000 psi. The sam-
le was first extracted statically for 15 min. In this study, “static”
ndicates that the vessel was charged with CO2 while the outlet
alve was closed. After the static extraction, the outlet valve was
pened and the sample was extracted dynamically for 15 min
ith a CO2 flow rate of approximately 1.0 ml min−1. The out-

et of the extraction cell was connected to a thermally controlled
ariable restrictor which maintained supercritical temperature at
0 ◦C conditions in the system. The substances extracted were
ollected into a glass tube filled with methanol at the outlet of
he extractor. After extraction, the sample solvent was quantified
o 10 ml with methanol.

.4. Analysis

Each sample was measured three times with a flame atomic
bsorption spectrophotometer (AA-200, Perkin-Elmer). An
ndium hollow cathode lamp, operated at 20 mA, was used as
he light source. The wavelength was set at the 303.9 nm res-
nance line for indium. A time-constant of 1 s was used for
eak height mode. The flame composition was acetylene (flow
ate 2.5 l min−1) and air (flow rate 10 l min-1). The range of the
alibration standards for indium on flame atomic absorption
pectrometric determinations was 2–10 mg/l. The correlation
oefficient of the calibration curves were generally 0.999. The
xtraction efficiency was calculated based on the amount of
ndium remaining in the aqueous phase:

extracted (%)

= indium loaded (�g) − indium remaining (�g)

indium loaded (�g)
× 100

. Results and discussion

To obtain the quantitative extraction efficiency of indium(III)
ons from acidic aqueous solution in the presence of supercritical
O2 extraction, the optimization of various analytical param-
ters such as pH of solution, molar ratio of chelating agent
o indium(III) ions, extraction temperature and pressure in the
xtraction procedure was conducted. In our study, supercritical
O2 extraction conditions were optimized using a step-by-step
esign reported by McNally [21]. This approach has been used
s an alternative to the factorial design method, since it has
imilar results but requires less data processing [22]. All experi-
ents were done in a static–dynamic mode with CO2 extraction

hroughout this study. The results of extraction efficiency of
ndium(III) ions by supercritical CO2 extraction with various
helating agents are presented and discussed in this section.

When the indium(III) ions were extracted by pure supercriti-

al CO2 at pH 6 solution without a chelating agent, the extraction
fficiency was only 6.5%. It was thus shown that indium ion
s not soluble in pure carbon dioxide due to the weak interac-
ions between the positively charged metal ions and non-polar
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Table 1
Influences of extraction pressure and temperature on extraction efficiency of
indium(III) ion without chelating agents (pH 2)

Pressure Temperature

60 ◦C 70 ◦C 80 ◦C

2000 psi 11.8% 20.6% 21.5%
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a chelating agent are likely to react is the hard–soft acid–base
(HSAB) principle, which proposes that hard acids react strongly
with hard bases and soft acids with soft bases [28]. Hard acids
are likely to be small in size, have a large positive charge, and
2500 psi 18.3% 21.8% 23.0%
3000 psi 22.3% 22.0% 21.3%

O2. Owing to its practical applications, the etching wastew-
ter from semiconductor or optoelectronic plants is favored
round acidic solution, thus the synthetic etching wastewater
f pH 2 was used without a chelating agent in the process of
upercritical CO2 extraction of indium(III) ions under various
ressures and temperatures. The results are shown in Table 1.
t was found that the extraction efficiency was improved from
.5% to around 20% with increasing extraction pressure and
emperature at lower pH. As a result, the acidic mediums are

ore effective than other types for metal extraction from aque-
us solution in a supercritical CO2 extraction system [23]. The
roperties of CO2, such as density and polarity, increased with
he increase of the CO2 pressure and temperature, which leads to
he enhancement of the extraction efficiency of indium chelate in
upercritical CO2 extraction. However, the extraction efficiency
f indium(III) ions from acidic aqueous solution in supercritical
O2 without a chelating agent was still unsatisfactory. Accord-

ngly, we can conclude that the extraction of indium ions merely
ia supercritical CO2 is not feasible. With proper selection of
helating agents, the supercritical CO2 extraction may provide a
romising means for extracting metal ions directly from aqueous
olution. In the subsequent extraction experiments, indium(III)
as extracted from acidic aqueous solution by the supercritical
O2 extraction technique in the presence of various chelating
gents.

.1. Effects of various chelating agents

From the previous experiments, the extraction efficiency
f indium(III) ions from acidic aqueous solutions was low
11–22%) in pure supercritical CO2 without a chelating agent.
n order to test the effects of chelating agents on the extrac-
ion efficiency, the pH of the solution was fixed at 2.0 and the
ressure and temperature were set at 2000 psi and 70 ◦C, respec-
ively. Several types of chelating agents, such as �-diketone
AcAcH), fluorinated �-diketone (TTAH), thiopyridine (PySH)
nd piperidinyldithiocarbamic acid (NCS2H), were been utilized
or supercritical CO2 extraction of indium(III) ions. The influ-
nces of the various chelating agents on extraction efficiency
f indium(III) ions by supercritical CO2 are depicted in Fig. 3.
n general, the addition of chelating agents led to an increase
n extraction efficiency by a factor of 2–4.5, yielding 45–90%
ndium(III) ions extracted, obviously suggesting the presence

f a chelating agent was necessary for more efficient of metal
xtraction in supercritical CO2.

Firstly, the extraction efficiency with a �-diketone chelating
gent of AcAcH in supercritical CO2 state was about 45.6%.

F
i
r

dous Materials 154 (2008) 498–505 501

-Diketonate metal complexes in supercritical CO2 are often
oorly extracted from aqueous solutions due to finite mass
ransfer between the hydrophilic metal ions and the hydropho-
ic chelating agents [10]. In the same experimental conditions,
he extraction efficiency with a fluorinated �-diketone chelating
gent TTAH was observed about 75.4%. Significant increases in
he extraction efficiency of indium(III) ions in supercritical CO2
ere accomplished between AcAcH and TTAH. It was proba-
ly because the solubility of free chelating agents in supercritical
O2 depends on the chemical structure of the chelating agents
nd varies substantially from one type to another. Recent NMR
tudies show that the fluorinated �-diketones are almost exclu-
ively in the enol form under the high temperature and pressure
onditions relevant to the SFE system [7]. The non-fluorinated
-diketone chelating agent AcAcH is found to be party in each

orm in supercritical CO2. The acidity of the chelating agent
riginates from the enol form and the deprotonated �-diketones
nvolved in the metal complexation process. It has been shown
hat the presence of electron-withdrawing fluorine substituents
an significantly increase chelating agent acidity. As a result,
ore anions are available to chelate the indium(III) ions in the

cidic medium, which can facilitate enhanced extraction effi-
iency [24,25].

To extend our early investigation of the thio-, dithio-metal
omplexes and find useful chelating agents, these chelating
gents were employed in the supercritical CO2 system [26,27].
he chelating agents, including PySH and NCS2H, of metal ion
xtraction from acidic aqueous solutions are also shown in Fig. 3.
t can be evidently shown that the appreciable extraction effi-
iencies of 85.4 and 90.9% achieved by using chelating agents
ySH and NCS2H were superior to the extraction efficiencies
btained by using chelating agents of AcAcH and TTAH. This
s because a popular model for predicting whether a metal and
ig. 3. Influences of the various chelating agents on extraction efficiency of
ndium(III) ion by supercritical CO2 (T = 70 ◦C, P = 2000 psi, pH 2.0, molar
atio of chelating agent to indium(III) ion = 10:1).
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to 10:1 ratio and then reached a steady value no matter what
kind of chelating agent was used. For example, AcAcH, PySH,
and NCS2H improved markedly from 30.1 to 45.6, 43.7 to
85.4, and 50.4 to 90.9%, respectively. Owing to the presence
02 W.-L. Chou, K.-C. Yang / Journal of H

ossess an electron cloud that is non-polarizable. Soft acids are
xactly the opposite, in that they are apt to be of large size with
espect to their charge and possess polarizable electron clouds.
urthermore, hard and soft bases are analogous to their acid
ounterparts, except that they are electron-rich species. Reac-
ions between hard acids and hard bases immediately occur
ecause the two reactants have a strong coulombic attraction for
ach other. Moreover, soft acids and soft bases react by sharing of
lectrons, due to the closeness in energy of the highest occupied
olecular orbital of the base and the lowest unoccupied molec-

lar orbital of the acid. The fifth periodical metal indium reacts
ore easily with the soft sulfur including chelating agents, such

s PySH and NCS2H, than the hard oxygen including chelating
gents, such as AcAcH and TTAH. That was also confirmed
y the reaction of In(AcAc)3 with PySH or NCS2H chelating
gents in CH2Cl2 at ambient temperature to obtain In(PyS)3 or
n(NCS2)3 with releasing the AcAcH chelating agent [26].

From the above description, the �-donor ability of the
xygen, nitrogen and sulfur chelating agents is reflected in
he order: NCS2H�PySH > TTAH � AcAcH, and metal com-
lexes including these chelating agents show high solubility even
n non-polar solvents. Thus, the nitrogen and sulfur chelating
gents are good selections in the syntheses of indium complexes
or supercritical CO2 extraction. The future developments in
upercritical CO2 extraction of metals will depend on the design,
ynthesis and development of chelating agents specifically for
particular application. It would be extremely useful to utilize

he HSAB theory in chelating agent selection and design.

.2. Effects of pH

Another critical parameter that should be considered in super-
ritical CO2 extraction of metals is the pH of the solution. In
rder to investigate the effects of pH on the extraction efficiency
f indium(III) ions, the molar ratio of the chelating agent to
ndium(III) ions was set at a ratio of 10:1 and the pressure and
emperature in use were carried out at 2000 psi and 70 ◦C, respec-
ively. As seen in Fig. 4, there is a decrease in pH with an increase
n extraction efficiency for all chelating agents. When the pH was
aried from 2.0 to 6.0, the extraction efficiency of indium(III)
ons with AcAcH was found to change from 45.6 to 36.9%.
esides, for the chelating agents of TTAH, PySH and NCS2H, as

he pH was increased from 2.0 to 6.0, the extraction efficiencies
f indium(III) ions were in the range of 87.2–82.6, 75.4–68.5,
nd 90.9–87.5%, respectively. A previous report showed that
hen water is in contact with CO2 under supercritical fluid con-
itions, the pH at equilibrium is less than 3.0 due to the formation
nd dissociation of carbonic acid in water [23]. Furthermore,
he chelating agents, which form a stable neutral complex with

etal ions at pH 3, are considered effective in supercritical CO2.
ccordingly, acidic mediums are more effective than other types

or metal extraction from aqueous solution in a supercritical CO2
xtraction system. Nevertheless, when all experiments for super-

ritical CO2 extraction were carried out in more acidic mediums
s well as under the high pressure state (mostly greater than
000 psi), the additional effects were apt to cause abrasion to
he parts within the supercritical CO2 extraction instrument, as

F
i
C

ig. 4. Effect of pH on extraction efficiency of indium(III) ion with various
helating agents by supercritical CO2 (T = 70 ◦C, P = 2000 psi, molar ratio of
helating agent to indium(III) ion = 10:1).

ell as cause safety concerns. Therefore, the optimum pH for
upercritical CO2 extraction should fall in the range from 2.0 to
.0.

.3. Effect of molar ratio of chelating agent to indium(III)
ons

Under the condition of pH 2.0, 2000 psi, and 70 ◦C, the effects
f the amount of AcAcH, PySH and NCS2H on the extraction
fficiency of indium(III) ions were investigated. The extraction
fficiency of indium(III) ions as a function of chelating agent-
o-indium(III) molar ratio is presented in Fig. 5. The extraction
fficiency was found to increase conspicuously from 1:1 ratio
ig. 5. Comparison of the extraction efficiency versus molar ratio of chelat-
ng agent to indium(III) ion with various chelating agents by supercritical
O2(T = 70 ◦C, P = 2000 psi, pH 2).
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Fig. 6. (a) The effect of pressure and temperature on the extraction efficiency of
indium(III) ion with chelating agent (AcAcH) by supercritical CO2 (pH 2, molar
ratio of chelating agent to indium(III) ion = 10:1). (b) The effect of pressure and
temperature on the extraction efficiency of indium(III) ion with chelating agent
(PySH) by supercritical CO2 (pH 2, molar ratio of chelating agent to indium(III)
ion = 10:1). (c) The effect of pressure and temperature on the extraction efficiency
W.-L. Chou, K.-C. Yang / Journal of H

f acidic aqueous solution, chelating agents tend to decompose
n a supercritical CO2 extraction system, which indicated that an
xcess amount of chelating agents is usually required in order to
chieve enhanced metal extraction efficiencies in supercritical
O2 [23]. This increase in chelating agents was naturally accom-
anied by generation of more anions available to chelate with
he indium(III) ions in the acidic aqueous solution. However, no
ignificant improvement in extraction efficiency was observed at
he ratio above 10:1, and these excess chelating agents were apt
o block the outlet of the restrictor within the supercritical fluid
xtraction system. Consequently, a 10:1 ratio of chelating agents
o indium(III) ions was chosen as the optimum molar ratio for
he following supercritical CO2 extraction experiments.

.4. Optimization of extraction temperature and pressure

The molar ratio of 10:1 and pH 2.0 were used as the con-
itions for investigating the effects of extraction temperature
nd pressure. The fluid pressure has an essential effect on the
xtraction efficiency in supercritical CO2 extraction because it
s directly associated with the fluid density. Temperature also
lays an important role in the extraction efficiency of supercrit-
cal CO2 extraction. All extraction experiments were performed
t pressures from 1500 to 3500 psi in 500 psi increments, and
emperatures from 40 to 80 ◦C in 10 ◦C increments. The effects
f pressure and temperature on the extraction efficiency of
ndium(III) ions with AcAcH from acidic aqueous solution are
hown in Fig. 6(a). Increasing the pressure of the supercritical
O2 from 1500 to 3500 psi did not substantially improve the
xtraction efficiency range from 34.5 to 39.4% as the extraction
emperature varied from 40 to 50 ◦C. However, an enhancement
n the extraction efficiency of indium(III) ions was observed at
igher temperature (70 ◦C) when the pressure was raised from
500 to 2000 psi, which facilitated the extraction efficiencies
rom 37.8 to 45.6%. No significant improvement in the extrac-
ion efficiency was obtained at higher pressure (2000–3500 psi).
n addition, it can be seen that the optimal extraction pressure and
emperature for the supercritical CO2 extraction of indium(III)
ith AcAcH as the chelating agent was accomplished at 2000 psi

nd 70 ◦C, respectively.
The effects of pressure and temperature on the extraction

fficiency of indium(III) ions with PySH from acidic aqueous
olution are demonstrated in Fig. 6(b). In general, with increas-
ng pressure, the density of supercritical fluid CO2 increased,
hus enhancing the solubilities of chelating agents and the

etal accordingly, which could cause enhanced extraction effi-
iency [9]. Surprisingly, as shown in Fig. 6(b), no substantial
nhancement in the extraction efficiency was achieved at dif-
erent temperatures (50, 60, 70 and 80 ◦C) as the extraction
ressure increased from 1500 to 3500 psi. This was probably
ecause the solubility of these analytes with PySH had con-
idered less pressure dependence or poor collection efficiency.
wing to the expensive operating cost and safety considerations

f using high pressures, the pressure of 2000 psi was selected
s the optimum pressure used in supercritical CO2 extraction of
ndium(III) with PySH. Increasing the temperature from 40 to
0 ◦C would improve the extraction efficiency from about 60 to

of indium(III) ion with chelating agent (NCS2H) by supercritical CO2 (pH 2,
molar ratio of chelating agent to indium(III) ion = 10:1).
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5% with pressures ranging from 1500 to 3500 psi. Moreover,
decrease in the extraction efficiency of indium(III) ions was

bserved above 60 ◦C. This phenomenon could be explained by
he following reasons. In terms of the rule of kinetics, the higher
he temperature, the more intense the heat motion of solutes in
he aqueous solution. This enables the solutes to overcome the
dsorbing energy of the solution and to desorb more rapidly from
ctive sites of the matrix by supercritical CO2 at higher temper-
tures. According to the law of thermodynamics, the saturated
apor pressure increases accordingly with temperature, which
nables solutes to dissolve in supercritical CO2 more easily.
owever, increasing the temperature usually reduces the den-

ity of supercritical CO2, which also decreases its solubilizing
bility, and therefore decreases the solubility of metal chelate
n supercritical CO2. As a result, these three types of influences
ompeted with each other and resulted in a reverse effect on
he extraction efficiency, which implied an optimum tempera-
ure for practical purposes [29]. The most efficient extraction
as achieved at 60 ◦C and is shown in Fig. 6(b). We can con-

lude that the optimal extraction pressure and temperature for
he supercritical CO2 extraction of indium(III) ions with PySH
as accomplished at 2000 psi and 60 ◦C. Similar results were
bserved in the case of NCS2H and are summarized in Fig. 6(c).
o matter what temperature was used, no change in the extrac-

ion efficiency was found when the pressure was set from 1500
o 3500 psi, as shown in Fig. 6(c), while increasing pressure
ncreases the distribution coefficients of both the chelating agent
nd the metal chelate complex. Since these two distribution coef-
cients had opposite influences on extraction efficiencies, no

mprovement was observed [30]. Owing to expensive operating
ost and security concerns when working with high pressures,
000 psi was selected as the optimum pressure in supercritical
O2 extraction of indium(III) with NCS2H. As the temperature

ncreased from 40 to 60 ◦C, the extraction efficiency rose dramat-
cally at 2000 psi, from 49.7 to 90.9%, respectively. However,
here was a downtrend when the temperature was above 60 ◦C.
onsequently, 60 ◦C was chosen as the optimum temperature.
e can conclude that the optimal extraction pressure and temper-

ture for the supercritical CO2 extraction of indium(III) ions with
CS2H was accomplished at 2000 psi and 60 ◦C, respectively.

. Conclusion

The in situ chelation–supercritical CO2 extraction technique
n this study provides a new means for extracting indium(III) ions
irectly from acidic aqueous solutions. With proper selection of
helating agents, our experimental data indicated that chelat-
ng agents, usually forming highly soluble metal complexes
n supercritical CO2, are very effective for the supercritical
O2 extraction process. We have demonstrated that PySH and
CS2H chelating agents showed higher extraction efficiency in

upercritical CO2 extraction of indium(III) ions than the AcAcH
nd TTAH chelating agents. Furthermore, the key parameters in

he extraction procedure, for example, pH of solution, molar
atio of chelating agent to indium(III) ions, extraction tem-
erature, and extraction pressure, were also optimized in this
tudy. The optimum pH for supercritical CO2 extraction should

[
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all in the range from 2.0 to 3.0. The optimum molar ratio of
helating agents to indium(III) ions was found to be a ratio
f 10:1. It was also revealed that the optimal extraction pres-
ure and temperature for the supercritical CO2 extraction of
ndium(III) with various chelating agents AcAcH, PySH and
CS2H were accomplished at 70 ◦C 2000 psi, 60 ◦C 2000 psi,

nd 60 ◦C 2000 psi, respectively.
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