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Abstract
The solvent extraction of germanium and some heavy metals by commercial tri-octyl/decyl
amine (Alamine 336), N-methyl-N, N-dioctyl chloride (Aliquat 336) and phosphine oxide

T

(Cyanex 923) has been studied. In each extraction system, germanium was only extracted from a

IP

solution containing nickel, cadmium, cobalt, and zinc, which had a composition similar to

CR

gasification coal fly ash aqueous leach solutions. Under a comparable condition, the germanium

US

extraction efficiency by the aforementioned extractants was in the order Aliquat 336>Alamine
336>Cyanex 923. The slope analysis method showed that 2 moles of Alamine 336 and Aliquat

AN

336, as well as 4 moles of Cyanex 923, participated in the extraction of germanium. In amine

M

extraction systems, tartaric acid was required as a complexant used to convert germanium to
anionic species. As a result, the ratio of 2 (mole ration of tartaric acid to Ge) was required to

ED

complete anionic complexation. On the other hand, oxalic acid with a concentration of 0.1 M

PT

was chosen as a proper solvated complexant in the Cyanex 923 system. HCl solutions with
concentrations of 1 and 2 M can properly strip germanium from the loaded Alamine 336 and

CE

Aliquat 336, respectively. In addition, 0.1 M NaOH was sufficient for germanium stripping from

AC

Cyanex 923. Consequently, it can be concluded that Aliquat 336 can be an economical and
industry- friendly extractant for germanium solvent extraction from a mixed solution.
Keywords: Germanium; Alamine 336; Aliquat 336; Cyanex 923; Fly ashes
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1. Introduction
Germanium is a rare element, which does not occur in a specific ore body (Liu et al., 2017). It

T

can be found as a sub-element in zinc, copper, aluminum, and coal fly ash (FA) resources

IP

(Arroyo et al., 2009; Harbuck et al., 1991). However, it has been reported that the main

CR

economic resources of germanium are zinc ores and coals (Depuydt et al., 2007; Nusen et al.,
2015). Coal and its related products can be an important resource of germanium. The content of

US

germanium in coal may be enriched several times in gasification coal fly ashes (GCFA). Among

AN

the elements existing in GCFA, germanium in the form of GeO 2 and GeS2 can usually be leached
with water (Arroyo and Fernández-Pereira, 2008; Font et al., 2005). The obtained aqueous leach

M

solution from the leaching step is usually treated in a hydrometallurgical process to separate

ED

germanium from other impurities such as molybdenum, nickel, zinc and other heavy metals
(Arroyo and Fernández-Pereira, 2008). Among hydrometallurgical processes, solvent extraction

PT

(SX) is a promising separation technique due to its high efficiency and flexibility.

CE

Anion exchange and solvation extractants such as amines and phosphine oxides can be useful to
separate anionic/neutral species from impurities in mixed solutions. In the current study,

AC

Alamine 336, Aliquat 336, and Cyanex 923 were used to separate germanium from aqueous
solutions containing heavy metals. Alamine 336 (tri-octyl/decyl amine) is an extractant with the
anionic exchange mechanism, which can form organic complexes with anionic species. Anionic
species such as molybdenum (MoO2 −4 , HMoO −4 , and Mo7 O 24 -6 ) (Morıś et al., 1999), cobalt
(CoCl4 2− and CoCl3−) (Filiz et al., 2006), chromium(VI) (CrO 3 SO4 2− and HCrO 4 -) (Bachmann et
al., 2010) and platinum (PtCl4 −2 ) (Reddy et al., 2010) have been effectively extracted by Alamine
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336 at acidic pHs. Some extractants with a similar composition to Alamine 336 such as N235
(tri(octyl/decyl) amine) and TOA (tri(octyl) amine) have been used to extract germanium from
aqueous solutions. A SX process was developed to extract germanium and gallium anionic
species from aqueous solutions of the zinc refinery residue leaching step using N235 mixed with

T

TBP (Liu et al., 2017). The mentioned process was based on complexing germanium species

IP

with oxalates to form anionic oxalate-germanium complexes ([Ge(C 2 O4 )3 ]2−) which could be

CR

extracted by N235, i.e. an anion exchange extractant. Furthermore, Arroyo and FernándezPereira (2008) extracted germanium-catechol anionic species ([Ge(C 6 H4 O2 )3 ]2-) from an aqueous

US

solution of the GCFA leaching step by TOA. In addition, Aliquat 336 as an ionic liquid in the

AN

form of R4 N +Cl- can react with anionic species because its positive ammonium side can bind to
various anions in a broad pH range (Nayl, 2010). In a study, thenoyltrifluoroacetone (HTTA)

M

was used to form anionic species of lanthanides ([Ln(TTA)4 ]−) followed by extraction using

ED

Aliquat 336 (Atanassova et al., 2002). Aliquat 336 was reported as an efficient extractant to
recover various anionic species such as chromium(III) (Cr(OH)4 −) (Wionczyk et al., 2006), iron

PT

(FeCl4 −) (Mishra et al., 2011), mercury(II) (HgCl3 − and HgCl4 2−), zinc(II), and cadmium(II)

CE

([ZnCl4 ]2− and [CdCl4 ]2−) (Wassink et al., 2000) from industrial effluents (Fábrega and Mansur,
2007; Mishra et al., 2011; Salazar et al., 1992; Wassink et al., 2000). Germanium-citrate anionic

AC

species (Ge(OH)2 (Cit)-) could be extracted using 0.1 mol/L Aliquat 336 followed by stripping
using a 0.5 mol/L HCl solution (Sahoo, 1991; Vibhute and Khopkar, 1986). Furthermore,
Cyanex 923 with the solvation mechanism, comprising four trialkyl phosphine oxides, is
employed in extensive SX processes. Neutral species of scandium(III) (HSc(SO 4 )2 ) (Li and
Wang, 1998), lanthanum(III) (Ln(NO 3 )3 ) (Gupta et al., 2003), titanium(IV) (TiCl4 ) (Saji John et
al., 1999), cadmium(II) (CdCl2 ) (Gupta et al., 2001; Reddy and Priya, 2006), gold(III) (HAuCl4 )
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(Martínez et al., 1996), TiCl4 , VCl4 , HFeCl4 , CuCl2, and ZnCl2 (Gupta et al., 2002), LA(SCN)3
(LA shows trivalent lanthanides) (Reddy et al., 1998), vanadium (VO2 Cl) (Remya et al., 2003),
praseodymium (Pr(NO 3 )3 ), and samarium (Sm(NO 3 )3 ) (El-Nadi, 2010) can be extracted by
Cyanex 923 from various aqueous solutions. Furthermore, Gupta and Mudhar (2006) reported

T

that GeCl4 could be formed in a concentrated HCl solution (8 M) followed by extraction using

IP

Cyanex 923.

CR

As seen in the aforementioned discussion, few studies investigated the solvent extraction of

research,

US

germanium using Alamine 336, Aliquat 336, and Cyanex 923 extractants. Hence, in this
the comparative solvent extraction of germanium was investigated using the

AN

aforementioned extractants. Two of these extractants are amine extractants (anion exchanger)

concentrations,

complexant

M

and the third is a phosphine oxide with the solvation mechanism. The effect of extractant
concentration,

and

strip

phase

composition

was

converted

ED

investigated and compared for each extractant. Finally, the efficiencies and performances of each

PT

extractant were compared and a proper extractant was chosen.

AC

2.1. Materials

CE

2. Experimental and Methods

Alamine 336 was purchased from Cognis (part of BASF), Germany containing tri C8-10 alkyl
amines with a molecular weight of 353.67 g/mol and density of 0.818 g/cm3 . The protonated
molecules of Alamine 336 should be prepared to extract anionic species. Hence, diluted
hydrochloric acid was used to protonate Alamine 336 molecules. The related reaction can be
presented as Eq. (1):
R3 N (org) + HCl (aq) = [R3 NH]+ [Cl]-

(org)

(1)
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Alamine 336 (a formula weight of 353.67, specific gravity of 0.81, viscosity of 34.8 mPa at 34.6
°C, and purity of 95.0-100.0%) provided by Cognis Deutschland GmbH, Germany is an anionic
exchanger used to extract anionic species. Another extractant used in the current study was an
ionic liquid extractant namely tri-capryloyl methyl ammonium chloride (Aliquat 336) purchased

T

from Alfa Aesar Co., Germany. Aliquat 336 has a formula weight of 404.17, specific gravity of

IP

0.88, viscosity of 1500 mPa at 30 °C, and purity of 88.2 -93.0%. In order to convert germanium

CR

(the target element in this study) to an anionic complex, a complexant was used, namely tartaric
acid from Merck, Germany. The converted species were in the form of Ge(OH) 2 (C4 H4 O6 )2-

US

which were extractable by aforementioned amine extractants (Pokrovski and Schott, 1998). In

AN

addition, an organophosphorus extractant called Cyanex 923 composed of four trialkylphosphine
oxides with a composition of 93%, specific gravity of 0.88, formula weight of 348, specific

M

gravity of 0.88, and viscosity of 40.0 mPa at 25 °C was provided by Cytec Inc., USA. In order to

ED

produce the neutral species that can be extracted with the solvation mechanism by Cyanex 923,
oxalic acid was used from Merck, Germany. In this regard, trisoxalato germinates were produced

PT

as shown in Eq. (2) (Liu et al., 2017):

CE

3H 2 C2 O4  GeO2 .H 2 O  H 2 Ge(C2 O4 ) 3  3H 2 O

(2)

AC

Dilutes of extractants used in this study were kerosene and 1-decanol purchased from SigmaAldrich and Merck, respectively. The solutions used in experiments were prepared by dissolving
the powders of GeO 2 (99.999%), ZnSO 4 .7H2 O (≥99.0%), CdSO 4 (≥99.0%), CoSO 4 .H2 O
(≥99.0%), NiSO 4 .6H2 O (99.0-102.0%) (Aldrich A.C.S. Reagent) in pure distilled water (with the
neutral pH of 6.5). The composition of solutions was 100 mg/L Ge, Ni, Cd, and Co as well as
1000 mg/L Zn. After dissolving tartaric acid in solutions, the pH descended to about 3-3.2
depending on the concentration of tartaric acid. In addition, the pH of solutions containing
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mentioned ions in the presence of oxalic acid was in the range of 1-3 with respect to the
concentration of oxalic acid. The composition of the mentioned synthetic solutions was similar to
that obtained after water leaching of gasification coal fly ashes containing germanium.

T

2.2. Procedure

IP

Solvent extraction experiments were conducted by shaking an equal volume of aqueous and

CR

organic phases (5 mL) for 15 min by a shaker (SBS Instruments SA, Spain) in separating funnels
at room temperature. After 15 min and achieving equilibrium state, two phases were separated in

US

mentioned funnels. The concentrations of germanium and the other ions in the aqueous phases
were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES;

AN

Agilent, USA). In order to determine the ion concentrations in loaded organic phases, the mass

M

balance calculation was carried out. The extraction/stripping efficiency was calculated by

ED

dividing the concentration of loaded/stripped ions to that of the initial solution before treating.
Furthermore, the distribution coefficient (D) was the ratio of the ion concentration of the organic

PT

phase to that of the aqueous phase under equilibrium state. The separation factor was determined

AC

CE

by dividing the distribution coefficient of germanium to that of the other ions.

3. Results and Discussion
3.1. Effect of extractant concentrations
To investigate the effect of extractant concentration on the germanium extraction efficiency and
its separation from zinc, nickel, cadmium, and cobalt, a series of experiments was conducted at
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various concentrations of Alamine 336 (in the range of 0 to 40% v/v), Aliquat 336 (in the range
of 0 to 2% v/v), and Cyanex 923 (in the range of 0 to 30% v/v). The extraction efficiency of the
elements versus the concentration of extractants is shown in Fig. 1. As mentioned, the
concentrations of germanium, zinc, nickel, cadmium, and cobalt in the feed solution were 100

T

mg/L and the amount of zinc was 1000 mg/L. In order to convert germanium species to anionic

IP

complexes, an amount of 0.00276 mol/L tartaric acid (2 times the germanium molar

CR

concentration) was added to feed solutions. As shown in this figure, with increasing the
concentration of Alamine 336 from 0.25% to 30%, the germanium extraction efficiency

US

increases from about 2% to 100%. The germanium extraction efficiency approached 100% when

AN

the Alamine 336 concentration increased up to 10% v/v. On the other hand, with an enhancement
of Aliquat 336 concentration up to 0.2%, the germanium extraction efficiency reached about

M

100%. Since the extraction of other metal ions by Alamine 336 and Aliquat 336 is negligible,

ED

they were not illustrated in Fig. 1. The reason for this behavior is the lack of the anionic/neutral
complex formation between these elements and tartaric/oxalic acids, respectively. Furthermore,

PT

an increase of the Cyanex 923 concentration resulted in enhancing the germanium extraction

CE

efficiency, as after reaching the concentration of Cyanex 923 to 20 %v/v, the extraction
efficiency tended to be 100%. It is noteworthy that due to the instability of heavy metals-oxalates

AC

in this study, solvent extraction experiments were conducted on germanium oxalate solutions
obtained after filtering solid precipitates. Consequently, according to Fig. 1, the germanium
extraction efficiency corresponding to Aliquat 336 reached a maximum value in much lower
concentrations, whereas the maximum extraction was achieved at about 15-20 %v/v for Alamine
336 and Cyanex 923.

AN

US

CR

IP

T
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M

Fig. 1. Effect of extractant concentration on germanium extraction efficiency.
In order to examine the number of extractant molecules reacted with germanium species, log D

ED

versus log [extractant] was plotted followed by plotting trend lines for Alamine 336, Aliquat 336,

PT

and Cyanex 923. The corresponding result is illustrated in Fig. 2. As seen in this figure, log D
enhances linearly with increasing log[extractant]. The slopes of the trend lines show the rate of

CE

this increase. As a result, the slopes close to 2, 3, and 4 were obtained for Alamine 336, Aliquat

AC

336, and Cyanex 923, respectively. It is noted that despite the value of 2.70 obtained for the
Aliquat 336 slope analysis, the value of 2 is common for Aliquat 336 molecules in the literature
(Bhatluri et al., 2014; Wei et al., 2016). Thus, the value of 2 was a better choice in this case.
Therefore, the corresponding extraction reactions can be proposed as Eqs. (3), (4), and (5) for
Alamine 336, Aliquat 336, and Cyanex 923, respectively. In the following reactions, R3 NHCl,
R4 NCl, and Lorg denote the molecules of Alamine 336, Aliquat 336, and Cyanex 923,
respectively. In addition, T shows tartrate replaced with C 4 H4 O 6 2−.
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2( R3 NHCl ) ( org)  Ge(OH ) 2 T 2 ( aq)  ( R3 NH ) 2 Ge(OH ) 2 T(org)  2Cl  ( aq)

(3)

2( R4 NCl ) ( org)  Ge(OH ) 2 T 2 ( aq)  ( R4 N ) 2 Ge(OH ) 2 T(org)  2Cl  ( aq)

(4)

H 2 Ge(C2 O4 ) 3,( aq)  4L(org)  H 2 Ge(C2 O4 ) 3 .4L(org)

(5)

T

In Eqs. (3) and (4), germanium tartrates are extracted based on the anionic mechanism, whereas

IP

in Eq. (5), germanium carboxylates and Cyanex 923 are reacted together based on the solvation

AC

CE

PT

ED

M

AN

US

CR

mechanism.

Fig. 2. Slope analysis for determining the number of extractant molecules reacted with

3.2. Effect of complexant

germanium species.
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One of the ways for the selective separation of germanium from an aqueous mixed solution is to
produce it anionic species, which can be extracted by amine extractants. In this regard, a number
of complexants, which were expected to form an anionic complex with germanium, were
examined in solvent extraction experiments. Tartaric acid, citric acid, oleic acid, and catechol

T

were selected for these experiments. Fig. 3 illustrates the effect of these complexes on the

IP

germanium extraction efficiency. With respect to the powerful affinity of Aliquat 336 toward

CR

anionic species, this extractant was selected to compare the aforementioned complexants. As
shown in this figure, in the presence of tartaric acid and citric acid, all germanium species were

US

extracted by Aliquat 336 with the concentration of 1 %v/v. The results of the solvent extraction

complexation of germanium and

AN

experiment in the presence of citric/tartaric acids (C6 H8 O 7 / C4 H6 O 6 ) showed that the
these types of acids resulted in forming germanium

M

citrate/tartrate anions that can be completely extracted by Aliquat 336. However, the results

ED

corresponding to oleic acid (C18 H34 O 2 ) showed that Aliquat 336 could not extract germanium.
This can be due to two probabilities: (a) a lack of the germanium complex formation (positive,

PT

negative or neutral) between germanium and oleic acid, and (b) a lack of germanium anionic

CE

complexes. This issue can be attributed to the long hydrocarbon chain of oleic acid. Catechol
(C6 H6 O2 ) is another reagent used to form germanium anionic species. The germanium extraction

AC

efficiency of 85% was observed in the presence of catechol. In a research published in 2009, a
hydrometallurgical method

was used

to

extract germanium from a solution containing

germanium and catechol [20]. In that study, the complexation of germanium with catechol in the
aqueous

solution

was

first

performed

and

then

(Ge(C6 H4 O2 )3 2-) were extracted with TOA (tri-octylamine).

the

germanium-catechol

complexes

US

CR

IP

T
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AN

Fig. 3. Effect of the type of complexants on germanium extraction efficiency

M

One of the important factors influencing the extraction of germanium by amine extractants is the

ED

presence of tartaric acid. The absence of this complexant is equivalent to the absence of
extractable anionic species, which can halt the extraction processes. As shown in Fig. 4, in the

PT

absence of tartaric acid, no germanium species have been extracted. By increasing the

CE

concentration of tartaric acid up to 1 time the mole ration of tartaric acid to Ge in the solution,
the germanium extraction efficiency increases up to 60% and 86% for Alamine 336 and Aliquat

AC

336, respectively. The extra addition of tartaric acid up to 2 times (the mole ration of tartaric acid
to Ge) for Alamine 336 and Aliquat 336 systems resulted in extracting more than 97% of
germanium from solutions. Therefore, the minimum amount of tartaric acid required for the
complete reaction of germanium ions with tartrate complexes was 0.00275 M (2 times the mole
ration of tartaric acid to Ge). By the excess addition of tartaric acid, there was an insignificant
change in the extraction efficiency. Consequently, the optimal amount of tartaric acid is 2 times
the mole ration of tartaric acid to Ge. It is noteworthy that due to the low extraction efficiencies
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of other metals, which were close to 0, the corresponding results were not shown in the figure.
The reason for the selective extraction of germanium over heavy metals can be recognized using
stability constants of ions-tartrates. Table 1 listed the stability constants (Ks) of heavy metalsand germanium- tartrates. As seen in this table, the value of log(Ks) corresponding to the

CE

IP

PT

ED

M

AN

US

CR

proportion of germanium tartrate anionic species is the highest.

T

germanium-tartrate is higher than those belonging to heavy metals-tartrates, indicating that the

AC

Fig. 4. Effect of tartaric acid on the extraction efficiency of germanium
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Table 1. Stability constants of metals-tartrate and -oxalate
Logarithm of stability constant (logKs)
Element
Zn

Tartrate

a

2.39

b

Reference

Oxalate

(Alumaa and Pentchuk,

Very low

Reference
(Sobel et al., 2008)

(Alumaa and Pentchuk,

low

IP

2.32

(Dalton et al., 2016)

CR

Ni

T

1998)

Cd

2.27

(Lin and Horváth, 1992)

low

(Dalton et al., 2016)

Co

2.26

(Alumaa and Pentchuk,

US

1998)

(Dalton et al., 2016)

9.89

(Pokrovski and Schott, 1998)

31.51

(Pokrovski and Schott,

M

Ge

AN

1998)

Very low

and calculations

ED

1998) and calculations
(a) Ionic strength of tartrate solution = 0.3
(b) Ionic strength of oxalate solution = 0.5

PT

As mentioned before, oxalic acid is vital for the solvation extraction of germanium by Cyanex

CE

923. Therefore, the effect of the oxalic acid concentration on the germanium extraction
efficiency was investigated. As seen in Table 1, heavy metals-oxalate stability constants are very

AC

low. This means that these species are unstable and precipitated in oxalate solutions. These
precipitates have been seen in the experiments and the chemical analysis of filtered solutions
confirmed this instability. Therefore, further solvent extraction experiments by Cyanex 923 were
carried out after separating precipitates from germanium oxalate solutions. As shown in Fig. 5,
the absence of oxalic acid resulted in no extraction of germanium species. By increasing the
concentration of oxalic acid up to 0.1 M in the feed solution, the extraction approaches 85%.
According to the results, the concentration of oxalic acid required for the complete formation of
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germanium-oxalate species was determined to be 0.1 M. This efficiency reached 100% by

PT

ED

M

AN

US

CR

IP

T

adding more than 0.1 M oxalic acid.

CE

Fig. 5. Effect of oxalic acid on the germanium extraction efficiency in the solvent extraction of
germanium by Cyanex 923.

AC

3.3. Effect of strippant and its concentration on germanium extraction
In order to strip germanium from organic phases, Alamine 336 and Aliquat 336 extractants were
prepared with concentrations of 10 %v/v. These extractants were mixed with a solution
containing 100 mg/L Ge and 0.00273 M tartaric acid to extract all germanium species. Mineral
acids have shown good ability to strip germanium from amine extractants (Arroyo and
Fernández-Pereira, 2008; Sahoo, 1991). In this study, HCl was used in different concentrations
for germanium stripping. Fig. 6 shows the effect of HCl concentration on stripping of germanium
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and the other elements. As shown in this figure, by increasing the concentration of acid up to 1
M, the germanium stripping efficiency from Alamine 336 increased up to 98%, whereas at this
concentration, the stripping efficiency from Aliquat 336 reached about 78%. The minimum HCl
concentration for 98% stripping of germanium from Alamine 336 and Aliquat 336 was 1 and 1.5
However, unlike the Alamine 336 system, the germanium stripping in the

T

M, respectively.

IP

Aliquat system approached 99% at 2 M HCl. After the mentioned concentrations, the stripping

CR

efficiency reached a straight line for both of the extractants. The stripping efficiency of other
elements was also negligible. The Ge stripping reactions corresponding to Alamine 336 and

US

Aliquat 336 can be written as Eqs. (6) and (7), respectively. It is noteworthy that at acidic pHs,

AN

germanium species are converted to Ge(OH ) 2 ( HT )  (Pokrovski and Schott, 1998).

M

( R3 NH ) 2 Ge(OH ) 2 T(org)  2Cl  ( aq)  H   2( R3 NHCl ) (org)  Ge(OH ) 2 ( HT )  ( aq)

AC

CE

PT

ED

( R4 N ) 2 Ge(OH ) 2 T(org)  2Cl  ( aq)  H   2( R4 NCl ) (org)  Ge(OH ) 2 ( HT )  ( aq)

(6)

(7)

M

AN

US

CR

IP

T
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Fig. 6. Effect of HCl concentration on stripping efficiencies of germanium from Alamine 336

ED

and Aliquat 336.

PT

In order to strip germanium from loaded Cyanex 923, a series of solvent extraction experiments

CE

was conducted to select proper chemicals. In this regard, several chemical reagents that were
expected to be useful for the stripping process were selected. These included ammonium chloride

AC

(NH4 Cl), sodium hydroxide (NaOH), catechol (C 6 H6 O2 ), citric acid (C₆ H₈ O₇ ), ammonia (NH3 ),
sodium sulfate (Na2 SO 4 ), and sulfuric acid (H2 SO4 ). Concentrations and stripping efficiencies
corresponding to these reagents have been shown in Table 2.
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Table 2. Effect of strippant type on stripping efficiency of germanium
Reagent

Concentration,

Strip efficiency (%)

M
0.1

3.04

NH3

0.1

Decomposition of strip reagent

NaOH

0.1

91.70

C6 H6 O2

0.1

5.27

C6 H8 O7

0.1

15.92

Na2 SO4

0.1

9.30

H2 SO4

0.1

CR

IP

T

NH4 Cl

US

1

AN

As shown in Table 2, NaOH is an effective chemical reagent for germanium stripping from
Cyanex 923. In several studies, NaOH has been used as a stripping material in solvent extraction

M

and liquid membrane systems using Cyanex 923 (Agrawal et al., 2008; Nosrati et al., 2011).

ED

Therefore, to study the germanium stripping from the organic phase, a volume of Cyanex 923
was prepared with a concentration of 10 %v/v, by which germanium was extracted from a

PT

solution containing 0.15 M oxalic acid. This loaded organic phase was used in stripping

CE

experiments. Fig. 7 shows the effect of NaOH concentration on the germanium stripping
efficiency. As shown in this figure, by increasing the concentration of NaOH up to 0.1 M, the

AC

germanium stripping efficiency reached a constant value of 92%. Hence, the concentration of 0.1
M was chosen as an optimal condition. The Ge stripping from Cyanex 923 can be shown as Eq.
(8):
H 2 Ge(C2 O4 ) 3 .4L(org)  2OH   4L(org)  Ge(C2 O4 ) 3

2

 2H 2 O

(8)

AN

US

CR

IP

T
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M

Fig. 7. Effect of NaOH concentration on stripping efficiency of germanium from Cyanex 923.

ED

4. Conclusion

PT

In the current study, the comparative solvent extraction of germanium in the presence of nickel,
cadmium, and cobalt was investigated. The composition of the mentioned synthetic solution was

CE

similar to that obtained after water leaching of gasification coal fly ashes containing germanium.

AC

The effect of extractant, complexant, and strippant concentrations was examined. The results
showed that germanium extraction corresponding to Aliquat 336 reached a maximum value in
much lower concentrations, whereas the maximum extraction was achieved at about 15-20 %v/v
for Alamine 336 and Cyanex 923. Furthermore, the results showed that in the absence of
appropriate complexants, the formation of anionic species (extractable by amine extractants) and
solvated species (extractable by Cyanex 923) was not possible and the extraction process was
halted. In this regard, the effect of tartaric acid and oxalic acid as complexants on the germanium
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extraction by Alamine 336, Aliquat 336 as well as Cyanex 923 was investigated. According to
the results, the ratio of 2 (mole ration of tartaric acid to Ge) was selected as an optimum
concentration for the complete extraction of germanium by Alamine 336 and Aliquat 336.
Furthermore, the oxalic acid concentration of 0.1 M was sufficient for the reaction of germanium

T

species with Cyanex 923. In order to strip germanium from amine extractants, HCl was used. As

IP

a result, the concentrations of 1 and 2 M were selected as an optimum condition for stripping of

CR

germanium from Alamine 336 and Aliquat 336, respectively. Among the reagents examined for
germanium stripping from Cyanex 923, NaOH was the best for stripping. Consequently, the

US

concentration of 0.1 M was selected as an optimum condition for stripping of germanium from

AN

Cyanex 923. With respect to the results, it can be concluded that Aliquat 336 was the best
extractant for germanium extraction because, at much lower concentrations, all germanium

M

species were extracted. Furthermore, a smaller amount of complexant (tartaric acid) was required

ED

in amine solvent extraction systems in comparison to the Cynaex 923 system. In addition, from
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 Ge(IV) was selectively separated from impurities by solvent extraction.
 Germanium extraction by Alamine 336, Aliquat 336, and Cyanex 923
was compared.
 Composition of treated solution was similar to fly ash leachate.
 The best extractant was Aliquat 336.

