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A B S T R A C T

A supported ionic liquid phase (SILP) was developed to selectively recover germanium from iron-rich aqueous
solutions. The SILP was synthesised by impregnating Amberlite XAD-16N with Aliquat 336, a mixture of qua-
ternary ammonium salts. Characterisation was performed using elemental analysis, infrared spectroscopy,
specific surface area, porosity and density measurements. Adsorption was preceded by the addition of citrate
anions to the iron-rich aqueous solutions, to form germanium(IV) citrate complexes, which were extracted to the
ionic liquid layer of the SILP. The reaction kinetics and several adsorption parameters, including pH, anion
concentration and adsorbent mass, were investigated using synthetic single-element germanium solutions. The
coordination of germanium(IV) to the citrate ligands was elucidated using Extended X-ray Absorption Fine
Structure (EXAFS). Subsequently, the optimal adsorption parameters were tested on a multi-element solution
with elemental concentrations resembling those of a leachate of goethite residue from the zinc industry. A high
selectivity for germanium over iron could be achieved. Finally, the stripping and the reusability of the SILP were
studied. A germanium solution of 44 mg·L−1 was obtained with a germanium-over-iron mass ratio of 39. This
corresponds to a selectivity factor equal to 34 400, demonstrating the high potential of the reported process.

1. Introduction

One of the key factors of resource efficiency is to treat ‘waste’ as a
(secondary) source of raw materials [1]. Especially for the so-called
“minor elements”, which are not readily concentrated in ores, this is an
imperative strategy. Often, these elements can be found in relatively
high concentrations in certain waste streams, industrial residues in
particular. Germanium is one of those elements [2]. Germanium is
mainly used as a semiconductor in electronics and infrared optic in-
dustries, and as a polymerisation catalyst for the production of poly-
ethylene terephthalate [3,4]. A few minerals exist with germanium as a
main component, such as argyrodite, briartite, germanite, renierite and
stottite, but these minerals are extremely rare and do not form rich ore
deposits [4,5]. As a consequence, germanium is mainly obtained as a
by-product of processing zinc ores [4,6–8]. On a global scale, only as
little as 3% of all germanium contained in zinc concentrates is re-
covered [9]. Also certain coals contain significant concentrations of
germanium, and their combustion results in germanium-rich ashes and
flue dusts [7–9]. Since coals are often combusted at low temperatures to
maximise germanium recovery, albeit without power generation, re-
covery of germanium from coal is not a sustainable process [10].

In the zinc processing industry, iron is removed from zinc sulphate
solutions (obtained by leaching of zinc calcine with sulphuric acid) by
precipitation as the iron minerals jarosite, goethite, paragoethite or
hematite, depending on the type of process [11–13]. Goethite is an iron
(III) oxyhydroxide, known to contain appreciable amounts of germa-
nium; even an exceptionally high value of 5310 mg·kg−1 has been re-
ported in the literature [14], although values of 100 to 229 mg·kg−1 are
more common [15]. Currently, large amounts of goethite residue pro-
duced by the zinc-processing industry are landfilled, resulting in a loss
of appreciable amounts of valuable metals, such as germanium [16,17].
Selective leaching of specific metals out of the goethite residue is pro-
blematic, since substantial amounts of impurities are leached as well.
Co-leaching of iron is the main problem. To valorise the leachate, the
present metals must be selectively separated so highly pure and valu-
able products are obtained. Traditionally, germanium is extracted from
wastes by acidic oxidation leaching, followed by chlorination distilla-
tion to recover germanium as GeCl4 [18]. However, pyrometallurgical
processes like chlorination distillation or vacuum reduction, both
technologies to recover germanium, are losing importance due to the
formation of the volatile GeO and GeS compounds [5,18]. Other tech-
nologies are suited to recover germanium, including selective
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extraction, ion exchange or ion flotation, many of them involving
complexation with catechol [18]. Also precipitation by the addition of
catechol or tannins can be used, with the latter being an expensive
method due to the need to add oxalic acid as well [18]. In general,
solvent extraction is a prevailing way in industry to separate metals in
solution. In solvent extraction processes, metals are (selectively) ex-
tracted by extractants from an aqueous to an organic phase. With the
purpose of reducing the viscosity of the organic phase and in this way
enhancing extraction kinetics, organic diluents are quite often used
[19]. As an alternative to molecular diluents in solvent extraction, ionic
liquids have been introduced. These are a class of solvents which consist
entirely of ions [19,20]. Attractive properties of ionic liquids include
their negligible vapour pressure, low flammability, wide electro-
chemical window, high electrical conductivity and flexible tunability
[21,22]. Important disadvantages arise from the high viscosity and the
rather high price usually associated with ionic liquids [22]. As a con-
sequence of the viscous or (partially) water-soluble organic phase, is-
sues may arise from poor phase separation with the aqueous phase.
These issues could be solved by coating a small layer of ionic liquid onto
a solid support, thereby creating a supported ionic liquid phase (SILP). As
a consequence, both the advantages of solvent extraction using ionic
liquids (i.e., high selectivity and tunability) and adsorption chromato-
graphy (i.e., ease of phase separation and ability to treat large volumes
of low-concentrated solutions) are combined [23]. The ionic liquid
Aliquat 336 is interesting for this purpose as it is produced nowadays in
multitonne scale and therefore commercially available and affordable
[24]. Aliquat 336 is a commercial mixture of quaternary ammonium
compounds with methyltrioctylammonium chloride as the main com-
ponent. Aliquat 336 is an anion exchanger, which implies that metals
are extracted in anionic form [25]. For germanium, many anionic
complexes exist, so extraction to Aliquat 336 is feasible [2]. It has been
reported that germanium(IV) citrate complexes can be quantitatively
extracted by diluted Aliquat 336 from citric acid solutions [2,26] or
even using Aliquat 336 coated on silica gel [27]. Moreover, citric acid is
a complexing agent which is less harmful to the human health and is
produced in a greener way compared to the widely used catechol for the
recovery of germanium. A solvent-impregnated resin (SIR) system,
based on the extractant di-(2-ethylhexyl)phosphoric acid (D2EHPA),
has been studied to recover germanium, but very high acid con-
centrations ([H+] ≥ 6 mol·L−1) were needed to obtain full germanium
recovery [28,29].

In this paper, we studied the selective recovery of germanium from
iron-rich solutions using citrate complexation and subsequent adsorp-
tion onto a SILP, consisting of Aliquat 336 impregnated onto a solid
support, Amberlite XAD-16N. In addition to the synthesis and char-
acterisation of the SILP, we report the parameter optimisation experi-
ments performed on aqueous germanium-containing solutions, both
single-element germanium solutions and synthetic mixtures simulating
the composition of a real goethite leachate.

2. Experimental

2.1. Chemicals and materials

Amberlite XAD-16N (styrene-divinylbenzene copolymer, 20–60
mesh, 200 Å mean pore size), Aliquat® 336 (88.2–93.0% quaternary
content), acetone (> 99.5%), iron powder (> 99%, fine), copper(II)
sulphate pentahydrate (≥98.0%) and water-soluble (hexagonal) ger-
manium(IV) oxide (≥99.99%) [30] were purchased from Sigma-Al-
drich (Diegem, Belgium). Sulphuric acid (> 95% H2SO4), ethanol
(99.99%) and sodium hydroxide (99.25%, pearls) were ordered from
Fisher Scientific (Loughborough, United Kingdom). Magnesium sul-
phate (99.6%), iron(III) sulphate hydrate (≥21% Fe) and hydrochloric
acid (36.5% HCl) were purchased from VWR Chemicals (Leuven, Bel-
gium). Calcium sulphate dihydrate (> 99%), aluminium sulphate oc-
tadecahydrate (> 55% Al2(SO4)3), ammonium chloride (> 99.8%),

nitric acid (> 65% HNO3) and 1000 μg·mL−1 ICP standard solutions
were purchased from Chem-Lab nv (Zedelgem, Belgium). Anhydrous
trisodium citrate (98%), manganese(II) sulphate monohydrate
(> 99%), arsenic(III) chloride (99.5%) and zinc(II) sulphate mono-
hydrate (99%) were purchased from Acros Organics (Geel, Belgium).
Ethylenediaminetetraacetate disodium salt (Na2-EDTA, 99.5%) was
purchased from BDH laboratory supplies (Poole, England). Indium(III)
sulphate (for synthesis, anhydrous) was purchased from Merck Schu-
chardt OHG (Hohenbrunn, Germany).

Amberlite® XAD-16N was purified before use (Section 2.3). All other
chemicals were used as received, without further purification. All so-
lutions were prepared using 18.2 MΩ·cm ultrapure water, produced by
a Merck Milli-Q® Reference system.

2.2. Equipment and analysis

Fourier Transform Infrared (FTIR) spectra were recorded between
4000 and 400 cm−1 on a Bruker Vertex 70 spectrometer equipped with
a platinum ATR module. CHN elemental analyses were performed using
a Thermo Scientific Interscience Flash 2000 CHN(SO) elemental ana-
lyser. A Quantachrome Instruments NOVA 2000e volumetric adsorp-
tion analyser was used to record nitrogen adsorption-desorption iso-
therms at 77 K. From these, the specific surface area, and the pore
volume and pore size distribution of the SILP material were calculated,
based on the Brunauer-Emmet-Teller (BET) method and the Barrett-
Joyner-Halenda (BJH) method, respectively. Prior to the measure-
ments, the SILP material was degassed under vacuum for 20 h at 100 °C.
The density of the SILP material was measured using an AccuPyc II
1340 pycnometer with a helium gas displacement system. A Büchi
Rotavapor R-300 rotary evaporator was used to remove excess solvent
from the ionic liquid phase or the SILP adsorbent particles. The metal
composition of the aqueous solutions was measured using a Perkin
Elmer Optima 8300 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) equipped with an axial (AX)/radial (RAD) dual
plasma view, a GemTip Cross-Flow II nebuliser, a Scott double pass
with inert Ryton® spray chamber and a demountable one-piece Hybrid
XLT ceramic torch with a 2.0 mm internal diameter sapphire injector.
Appropriate dilutions were made with 2 vol% nitric acid. Calibration
curves, based on five standard solutions of known concentration (0.02,
0.10, 0.25, 1.00 and 10.00 mg·L−1), were constructed for all elements
in the analysis. Scandium (5 mg·L−1) was added as an internal standard
to each calibration and sample solution. Quality control samples were
measured before and after measuring the sample series. All ICP-OES
spectra were measured in triplicate. A Thermo Scientific MaxQ 2000
orbital shaker was used for all shaking experiments. A Mettler-Toledo
pH-meter with a Hamilton Slimtrode pH electrode was used for pH
measurements. To efficiently separate precipitates from solution, an
Eppendorf 5804 centrifuge was used at 4000 rpm for 10 min. The
technological flow sheet has been drawn using the web-based appli-
cation draw.io (https://www.draw.io). All experiments were performed
at room temperature.

The Extended X-ray Absorption Fine Structure (EXAFS) spectra of
the germanium(IV) K edge (11,103 eV) were collected at the Dutch-
Belgian Beamline (DUBBLE, BM26A) at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France) by measuring a chloride
solution containing 0.016 mol·L−1 Ge(IV) and 0.16 mol·L−1 trisodium
citrate at pH 0.4 [31]. The energy of the X-ray beam was tuned by a
double-crystal monochromator operating in fixed-exit mode using a
silicon(1 1 1) crystal pair. The measurements were done in transmission
mode using Ar/He gas filled ionisation chambers. A brass sample holder
with Kapton® windows and a flexible polymeric spacer (VITON®) with a
thickness of 2 mm was used as a sample holder. Standard procedures
were used for pre-edge subtraction and data normalisation in order to
isolate the EXAFS function (χ). The isolated EXAFS oscillations, ac-
complished by a smoothing spline as realised in the program Viper
[32], were k4 – weighted and Fourier transformed over the k-range from
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2.25 to 10.75 Å−1 using a Gaussian rounded end window function. The
data were fitted using the ab initio code FEFF 7.0 [33], which was used
to calculate the theoretical phase and amplitude functions subsequently
used in the non-linear least-squares refinement of the experimental
data. Fitting of the data with the model was performed in R-space.
Standard errors on the data were estimated to be 5%. The amplitude
reduction factor (S0

2) was fixed for all fits at 0.93.

2.3. Synthesis of the SILP

Prior to impregnating the solid Amberlite XAD-16N particles with
the Aliquat 336 ionic liquid, the Amberlite particles were purified.
Sodium chloride salt, contained in Amberlite to retard bacterial growth,
was washed out by adding ethanol (250 mL) to the Amberlite XAD-16N
resin (200 g) and shaking for 2 h at 170 rpm. It was important to shake
rather than to stir, since stirring would damage the beads.
Subsequently, ethanol and dissolved salts were removed from the par-
ticles by filtration and the resin was washed twice with a small amount
of ultrapure water and once with ethanol. Finally, ethanol was evapo-
rated and the solid particles were equilibrated to air.

Physical impregnation was performed by combining Aliquat 336
(75 g) and the washed Amberlite XAD-16N (75 g) in acetone (375 mL).
The mixture was shaken for 24 h, after which the acetone was removed
using a rotary evaporator. To ensure a homogeneous SILP, the eva-
poration step was performed slowly. Then, the SILP was washed three
times with ultrapure water (500 mL), each time separating the SILP
from the aqueous solution by using a vacuum filtration system. Residual
water was removed from the wet SILP in a vacuum oven at 45 °C for
48 h. Prior to characterisation and application, the SILP was equili-
brated to air for another 24 h. The characteristic peaks of the FTIR
spectrum of the Aliquat 336 SILP were: 3374 cm−1 (OeH stretch);
2954 cm−1, 2923 cm−1 and 2854 cm−1 (CeH stretches); 1602 cm−1,
1511 cm−1, 1485 cm−1, 1465 cm−1 and 1452 cm−1 (C]C aromatic
ring stretches); 1377 cm−1 (CeH bend); 1117 cm−1 (CeN stretch ter-
tiary amine); 989 cm−1, 901 cm−1, 830 cm−1, 795 cm−1 and 709 cm−1

(aromatic CeH out-of-plane bends). The aromatic peaks arise from the
Amberlite XAD-16N support material and the OeH stretch arises from
the water content in Aliquat 336.

2.4. Adsorption parameters optimisation

Germanium single-element stock solutions (1132 mg·L−1 for sul-
phate and 1081 mg·L−1 for chloride medium) were made by dissolving
a certain amount of GeO2 in 0.1 mol·L−1 H2SO4 or 0.1 mol·L−1 HCl and
adjusting the pH to 0.5 using 8 mol·L−1 H2SO4 or 8 mol·L−1 HCl, re-
spectively. These solutions were then diluted 20 times after which the
pH was adjusted to the appropriate value for the parameter optimisa-
tion using single-element solutions. Evidently, the exact germanium(IV)
concentrations were dependent on the volume required for the pH
adjustment. The multi-element stock solution was prepared by dissol-
ving the sulphate metal salts in ultrapure water, except for arsenic,
where AsCl3 was used, and acidifying with concentrated H2SO4.
Germanium was added to the mixture in the form of the germanium
single-element stock solution.

Unless stated otherwise, adsorption experiments proceeded as fol-
lows. In closed glass vials, trisodium citrate 1 mol·L−1 (0.5 mL) was
added together with SILP particles (500 mg) to a single-element ger-
manium(IV) solution (10 mL, 59 mg·L−1, pH = 0.5, sulphate medium).
The adsorption experiments were performed for 6 h by shaking the
solutions at 175 rpm and room temperature in a mechanical shaker.
After adsorption, the SILP particles were separated from the liquid by
means of 0.45 µm syringe filters.

The optimised adsorption procedure was tested as well on a multi-
element solution with metal concentrations resembling the concentra-
tions of a typical goethite residue leachate. The multi-element solution
had a pH equal to 0.5 and it contained iron(III) (23 216 mg·L−1), zinc

(II) (13 318 mg·L−1), aluminium(III) (1 568 mg·L−1), copper(II)
(940 mg·L−1), manganese(II) (683 mg·L−1), arsenic(III) (667 mg·L−1),
calcium(II) (464 mg·L−1), magnesium(II) (381 mg·L−1), indium(III)
(47 mg·L−1) and germanium(IV) (16 mg·L−1). To improve the se-
lectivity, iron(III) was reduced to iron(II) by adding iron powder
(600 mg) to the solution and shaking for 5 min. After separating the
excess iron powder (and other solids) from the solution by using a paper
filter, the same (optimised) adsorption procedure was applied on the
multi-element solution.

Adsorption efficiencies (%A) were calculated by measuring the
metal-ion composition of the aqueous solution before and after the
adsorption experiment, using Eq. (1).

=A C C
C

% ·100i a

i (1)

where Ci is the initial metal concentration in solution and Ca is the
metal concentration of the solution after adsorption. Since the added
iron powder dissolved to a variable extent during each of the adsorption
experiments, it was difficult to compare the iron adsorption amounts.
Therefore, results for iron are generally not presented in the adsorption
graphs where the multi-element solution was used.

2.5. Stripping parameters optimisation

Stripping tests were performed by first loading the SILP using the
optimised adsorption procedure: adding iron powder (600 mg) to the
multi-element solution (10 mL) of pH 0.5, reacting for 5 min, separating
the solids from the aqueous phase, adding 1 mol·L−1 trisodium citrate
(0.5 mL) and Aliquat 336 SILP (500 mg) and shaking for 6 h (see Section
3.3). Prior to stripping, the SILP was washed twice on top of the filter
with ultrapure water (2 × 10 mL). Subsequently, a certain amount of
the loaded SILP (between 50 mg and 500 mg) was contacted with a
certain stripping solution for a certain time (between 1 min and 6 h).
Solutions of different stripping agents (NH4Cl, HCl, HNO3 and Na2-
EDTA) in different concentrations were tested for their stripping po-
tential. The stripping efficiencies (%S) were calculated by Eq. (2):

=S C V
C V C V

% ·
· ·

·100s s

i i a a (2)

with Cs, Ci and Ca being the elemental concentration in the stripping
solution, the initial solution and the solution after adsorption, respec-
tively, and Vs, Vi and Va being the volume of the stripping solution, the
initial solution and the solution after adsorption, respectively. Up-
concentration of the final product was performed by contacting the
loaded SILP twice with a small volume (2 mL) of stripping solution for
1 h.

The selectivity of the recovery process (S) quantifies the preferential
uptake of the target element (germanium) compared to the interfering
matrix element(s) (mainly iron in this case) and is calculated using Eq.
(3).

=
( )
( )S

C
C

C
C

s

i

Ge
Fe

Ge
Fe (3)

with CGe,s and CFe,s being the germanium and iron concentration in the
stripping solution, respectively, and CGe,i and CFe,i being the germanium
and iron concentration in the initial multi-element solution, respec-
tively.

2.6. SILP reusability study

The reusability of the SILP was tested by performing five subsequent
(optimised) adsorption – washing – stripping cycles on the multi-ele-
ment solution. The experiments were performed with half the amount
of SILP and half the amount of solution volumes compared to the
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optimised procedure. The ratios between the different chemicals or
materials remained the same. A washing step (shaking twice with
10 mL ultrapure water for 10 min) was included between the adsorption
and the stripping cycle to remove any residual solution from the SILP.

3. Results and discussion

3.1. Synthesis of the SILP

When synthesising a SILP, the importance of the solid support
should not be underestimated. Resins with a large specific surface area,
with a pore size suitable for the application and which do not interact
with the reaction medium are essential. Amberlite XAD-16N, a non-
ionic macroreticular resin built up from styrene–divinylbenzene moi-
eties, is an ideal candidate due to its inertness towards metal adsorp-
tion, its medium pore size of 20 nm and its large specific surface area of
800 m2·g−1 [34,35]. Evidently, the ionic liquid of which the SILP is
composed, is of even higher importance to the SILP performance, since
the metal (complex) exchange reactions occur at the aqueous/ionic-li-
quid interphase. Since Aliquat 336 is a well-known extractant for ger-
manium(IV) and one of the cheapest commercially available ionic li-
quids, it was chosen for impregnation onto the solid Amberlite beads
[2].

FTIR spectroscopy was used to prove the presence of quaternary
ammonium groups on the SILP (Section 2.3). Further evidence for the
successful impregnation of Aliquat 336 on the Amberlite resin was
provided by CHN elemental analyses of the corresponding materials.
The results can be seen in Table 1. The nitrogen content provides a clear
indication that the Amberlite solid support was successfully im-
pregnated with Aliquat 336. Since Aliquat 336 is a mixture of com-
pounds, it was difficult to quantify the actual impregnated amount, but
an estimation of the impregnation efficiency could be calculated by
taking into account the molar ratio of octyl-to-decyl groups (2:1) in the
Aliquat 336 mixture [36]. The percentage of ionic liquid impregnated
onto the resin (%IL) was calculated by:

= = =
C C

C
wt wt

wt
wt% ·100 1.4 % 0.1 %

2.6 %
·100 50 %IL

N,SILP N,support

N,Aliquat336 (4)

where CN refers to the nitrogen concentration in either the SILP, solid
support (Amberlite XAD-16N) or ionic liquid (Aliquat 336).

Both the inner and outer surface of the porous SILP material were
studied by nitrogen physisorption measurements. From the obtained
adsorption-desorption isotherms, a subtle change from a hysteresis loop
type IV for the washed Amberlite XAD-16N resin to a hysteresis loop
type V for the Aliquat 336 SILP material could be recognised. This
shows that monolayer-multilayer adsorption and capillary condensa-
tion take place, resulting in complete pore filling (vide infra), and weak
adsorbate – adsorbent interactions occur [37]. To our interpretation,
this suggests that the overall metal-uptake mechanism from the aqu-
eous to the SILP phase is essentially driven by interaction with the
impregnated ionic liquid. The total pore volume of the SILP material
(0.29 cm3·g−1) is considerably smaller than the total pore volume of the
washed solid support before impregnation (2.03 cm3·g−1). At the same
time, the average pore radius of the SILP material (18.3 nm) is larger
than of the washed solid support before impregnation (4.3 nm). The
smaller total pore volume and increased average pore radius may be

explained from the ionic liquid being deposited only on the surface of
the solid support, therefore covering the smallest pores completely, but
not the larger ones. From area-volume data derived from the nitrogen
adsorption-desorption isotherms, it appeared that also the specific
surface area of the solid support decreased drastically after impregna-
tion with the ionic liquid: from 939 m2·g−1 for the washed Amberlite
XAD-16N to 32 m2·g−1 for the SILP material. Thus, the surface of the
support was largely covered with a layer of material with a less pro-
nounced surface structure, the ionic liquid. The same observation has
been described in related work on SILP materials, additionally in-
dicating that the impregnation succeeded well [38].

The Aliquat 336 SILP has a density of 0.989 g·cm−3 at 25.6 °C. This
value is an average of the reported densities of Amberlite XAD-16N
(1.015–1.025 g·cm−3 [35]) and Aliquat 336 (0.8860 g·cm−3 [39]). This
result provides even further evidence for the successful impregnation of
the SILP.

3.2. Germanium(IV) citrate speciation

By adding citrate anions to the single-element (chloride) solution,
germanium(IV) citrate complexes are formed, which can be extracted to
the ionic liquid impregnated onto the solid support. Citrate had been
selected as a complexing agent based on its germanium complexing
potential [2,26], its biodegradability [40] and its relatively low price
[41]. The speciation of the germanium(IV) citrate complex was studied
by EXAFS spectroscopy. The EXAFS measurement was performed on a
chloride solution containing 0.016 mol·L−1 Ge(IV) and 0.16 mol·L−1

trisodium citrate at pH 0.4. The EXAFS spectrum and the fitted curve of
the germanium(IV) citrate complex is shown in Fig. 1 and the Fourier
transform (FT) function with the corresponding fitted curve is shown in
Fig. 2.

An excellent fit of the first peak in the FT of the EXAFS function of
the germanium(IV) citrate complex could be obtained using a GeO6

octahedral model. The number of surrounding oxygen atoms was found
to be 6.0 and the average bond length between germanium and oxygen
was determined to be 1.889 Å from the fit. This is in agreement with
crystal structures of octahedral germanium(IV) complexes with only
oxygen atoms in the first coordination sphere [42–44]. No chloride
atom was found, which should be located around 2.29 Å in an octa-
hedral germanium(IV) complex [45].

There is a general trend in the germanium–carbon path length de-
pending on the ring size of the multidentate polycarboxylate or similar
ligand. Either a Ge–C path length of approximately 2.7 Å is found for
five-membered rings, containing one carboxylate function and the al-
cohol function of a polydentate ligand, or a Ge–C path length of ap-
proximately 2.9 Å is found in case of a six-membered ring with two
carboxylate functions coordinating the germanium(IV) center [42,43].

Table 1
CHN elemental analysis results for pure Amberlite, Aliquat 336 and Aliquat 336
SILP.

Pure Amberlite XAD-16N Aliquat 336 Aliquat 336 SILP

C (wt%) 35.4 ± 1.0 71.3 ± 0.3 80.7 ± 0.2
H (wt%) 3.8 ± 1.2 12.7 ± 0.6 10.7 ± 0.1
N (wt%) 0.1 ± 0.1 2.6 ± 0.0 1.4 ± 0.0

2.5 5.0 7.5 10.0
-60

-40

-20

0

20

40

60

(k
)*

k4

k (Å-1)

 Data
 Model

Fig. 1. EXAFS spectrum of the germanium(IV) citrate complex.
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The second peak in the FT of the germanium(IV)-citrate complex
(Fig. 2) could be fitted by a Ge–C single scattering path with a path
length of 2.667 Å. The coordination number and Debye–Waller factor
found for this path are 2.4 and 0.002 Å2, respectively. The very low
Debye–Waller factor and the fact that the coordination number and
Debye–Waller factor are strongly correlated suggest that the degen-
eracy of this path is probably higher than 2.4. A degeneracy of 4.2 was
found when constraining the Debye–Waller factor to a reasonable value
of 0.007 Å2. A degeneracy of 6.0 was found if the Debye–Waller factor
was constrained to a value of 0.015 Å2. The latter value is very high for
this kind of path suggesting that a Ge–C degeneracy of 4.2 is more likely
to be present. No peak was observed and no carbon could be fitted at a
Ge–C path length of 2.9 Å, supporting the hypothesis of citrate ligands
forming five-membered rings with germanium(IV).

The third peak in the FT (Fig. 2) can be attributed to the scattering
paths involving the nearest carbon atoms in the other carboxylic acid
arms of the citrate ligand. This peak was not fitted because of the
contribution of several unknown paths. The non-fitting of this peak also
leads to a non-perfect fitting of the EXAFS function (Fig. 1). None-
theless, EXAFS analysis suggests that germanium(IV) is coordinated by
two bidentate citrate ligands. The citrate ligands are binding the ger-
manium(IV) center by one of their carboxylic acid groups and by their
alcohol functionality. The remaining two coordination sites are pre-
sumably occupied by water molecules. This conclusion is in agreement
with literature data [46]. The chemical structure of the defined ger-
manium(IV) citrate complex is shown in Fig. 3.

3.3. Adsorption parameters optimisation

Prior to testing the more relevant multi-element solutions, the
performance of the SILP was tested on single-element germanium so-
lutions. This way, the uptake of germanium could be assessed without
other elements influencing the adsorption mechanism. First, the

adsorption kinetics were investigated by adding 100 mg of SILP to
10 mL solution (pH = 0.75) containing 54–59 mg·L−1 germanium(IV)
(depending on the medium) and 0.05 mol·L−1 trisodium citrate and
varying the time during which the mixture was shaken. From Fig. 4, it
can be seen that germanium can be adsorbed from both chloride and
sulphate medium, but not from nitrate medium. The position of the
chloride anion in the Hofmeister series is more to the right than the
sulphate or hydrogen sulphate anions and therefore, generally, little
anion exchange occurs between the hydrophobic chloride SILP and the
sulphate containing aqueous solution [47,48]. If there would be some
anion exchange during the adsorption step, then the ionic liquid may be
regenerated during the HCl stripping step (vide infra). However, anion
exchange between the nitrate aqueous solution and the chloride SILP
will occur due to the higher hydrophobicity of the nitrate anion, which
in turn leads to an inefficient anion exchange reaction with the ger-
manium complex and therefore low extraction efficiencies. An addi-
tional observation about the performed experiment is that the adsorp-
tion kinetics are rather slow. As can be seen in Fig. 4, after 6 h of
adsorption, still no plateau value was reached. However, it was ex-
pected that the benefit of reaching equilibrium, and therefore re-
covering the maximum amount of germanium from solution, did not
compensate for the extra time needed to reach this equilibrium.
Therefore, it was decided that an adsorption time of 6 h was sufficientl.

Since sulphuric acid is the most relevant acid (less expensive than
nitric acid and less corrosive than hydrochloric acid), only sulphate
solutions were considered further on. Although the EXAFS measure-
ments were performed on the chloride system, it is expected that the
speciation of the germanium(IV) citrate complex is similar in the sul-
phate system for two reasons: (1) no chloride atoms were detected in
the first coordination sphere in the EXAFS study and (2) a very similar
adsorption behaviour was observed from both chloride and sulphate
systems, as can be seen in Fig. 4.

Next, the influence of pH on the germanium adsorption efficiency
was studied. Given that the germanium adsorption efficiency in the
previous experiment was only 83.4% after 6 h of adsorption, the
amount of SILP was increased (to 250 mg) to obtain higher adsorption
efficiencies. Due to the very low solubility product constant of Ge(OH)4
(Ksp = 2.39 · 10−45) [49], hydrolysis should not be underestimated.
Therefore it was considered important to measure a blank (without
adding SILP) at each pH value as well. As can be observed in Fig. 5, an
increase in pH results in an increase in germanium adsorption effi-
ciency. This is as expected, since lower pH values generate more pro-
tonated citrate molecules, which are thus less available for complexa-
tion with germanium(IV). Also the co-extraction of citrate to Aliquat
336 (impregnated on the SILP) is enhanced at lower pH values [50]. It
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Fig. 2. Fourier transform of the EXAFS function of the germanium(IV) citrate
complex.

Fig. 3. Chemical structure of the germanium(IV) citrate complex.
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Fig. 4. SILP adsorption kinetics from single-element germanium solutions
consisting of different anionic media (10 mL solution, 54 mg·L−1 Ge(IV)
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0.05 mol·L−1 trisodium citrate, 100 mg of SILP, 1–360 min adsorption, pH
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is also clear that even at very low pH values, already 20% of germanium
was removed from solution, even from the blank. At pH values higher
than 0.75, the increasing amount of removed germanium can be ex-
plained by hydrolysis-precipitation. In order to obtain reasonable ger-
manium adsorption efficiencies and minimal amounts of blank removal,
a pH value of 0.75 was used in the following single-element solution
experiments.

The next two parameters studied (simultaneously) on the single-
element germanium solutions were the influence of the citrate con-
centration and the influence of the SILP mass on the germanium ad-
sorption efficiency. The results are shown in Fig. 6. As can be seen,
there is a sharp increase in germanium adsorption efficiency with in-
creasing citrate concentration up to 0.05 mol·L−1, after which the
germanium adsorption efficiency steadily decreases again. The increase
in germanium adsorption efficiency can be explained by the fact that a
certain amount of citrate anions is needed to form the germanium ci-
trate complexes, resulting in an increase in germanium adsorption ef-
ficiency with higher citrate concentration. The reason to why the ger-
manium adsorption efficiency is decreasing at even higher citrate
concentrations, is less straightforward. The most viable explanation is
that citrate anions are also adsorbed to the SILP, resulting in a com-
petitive adsorption between the germanium(IV) citrate complexes and
the excess citrate anions [50,51]. However, two other hypotheses could
be true. Hypothesis 1: At too high citrate concentration, the citrate
anions might no longer bind to germanium(IV) in a bidentate way, but
rather in a monodentate way, resulting in quite bulky complexes. These
bulky complexes must be compensated by a larger number of Aliquat

336 molecules, so less germanium citrate complexes could be extracted
to the same amount of Aliquat 336, thus leading to a decrease in ger-
manium adsorption efficiency. This explanation is closely related to the
second hypothesis. Hypothesis 2: When citrate would bind in a mono-
dentate way to germanium(IV), the bulky complexes might not be able
to penetrate through the pores of the SILP. When more of these bulky
complexes would be formed, less complexes would be adsorbed to the
SILP. It has already been reported in the literature that higher citrate
concentrations could result in the formation of monodentate uranium
(VI) citrate complexes [52], but for germanium(IV) citrate complexes
this has not been reported yet.

Either way, the optimal citrate concentration was set at
0.05 mol·L−1 for these germanium concentration levels. Moreover, it
can be seen that, in order to achieve high germanium adsorption effi-
ciencies, a lot of SILP was needed: 500 mg of SILP appeared to be re-
quired to obtain a fairly high (almost quantitative) germanium ad-
sorption efficiency. This corresponds to a concentration of 1.01 g
germanium per kg of SILP, which is significantly lower than the ger-
manium concentration on the SILP when less SILP would be used.
However, it is preferred to obtain a high germanium adsorption effi-
ciency compared to using the full potential of the SILP (but hereby also
decreasing the total germanium adsorption efficiency).

After studying all parameters on single-element germanium solutions,
the adsorption of germanium was studied from multi-element solutions.
The influence of the pH on the adsorption characteristics was studied by
using the previously mentioned optimal parameters, being an adsorption
duration of 6 h, a citrate concentration of 0.05mol·L−1 and a SILP mass of
500mg. Since a lot of iron(III) is present in the multi-element solution,
which forms stable citrate complexes and would thus consume all the
citrate anions and saturate the SILP with unwanted iron(III) complexes,
iron(III) had to be removed from solution prior to the addition of citrate
anions. Selective hydrolysis-precipitation of iron is not possible since
germanium(IV) co-precipitates at pH values at which full iron(III) hy-
drolysis precipitation cannot yet be achieved, as can also be seen later in
the manuscript (Fig. 7). Also large amounts of chemicals would be ne-
cessary to first increase and in a later stage decrease the pH. Therefore,
iron(III) was reduced to iron(II) by the addition of iron powder since iron
(II) citrate complexes have a significantly lower stability constant (log
K=4.8) compared to the iron(III) citrate complexes (log K=11.2) [53].
The reduction was done by exploiting the following comproportionation
reaction with iron powder:

2Fe3+ + Fe0 →3 Fe2+ (5)

Since iron(II) can reoxidise to iron(III) by contact with oxygen dis-
solved from the air, an excess of iron powder (600 mg for 10 mL solu-
tion in this case) is required. Of course, the excess can be recovered and
reused in a later stage.
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Fig. 7. pH influence on the metal removal percentage for a multi-element so-
lution (=blank measurement) (10 mL solution, 17 mg·L−1 Ge(IV) (sulphate),
0.05 mol·L−1 trisodium citrate, 0 mg of SILP, 6 h adsorption, pH 0.25–2.5).
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Results of the multi-element pH experiment are shown in Figs. 7 and
8, corresponding to the blank measurement and the measurement using
the SILP, respectively. In order not to overcomplicate the figures,
standard deviations are not added to these two figures. Iron is not
shown in the figures since extra iron was added to the solution (as iron
powder partially reacting to iron(II)), thus complicating calculation of
the removal percentage. Apart from iron reduction, addition of iron
powder to the multi-element solution had the additional effect of
completely removing copper(II) and arsenic(III) from solution by re-
duction to the metallic state. This is an advantage, as copper(II) would
form stable extractable citrate complexes as well, in addition to ger-
manium(IV). Since arsenic(III) is toxic and forms a potential environ-
mental hazard, it is beneficial to remove it from solution in order to
obtain a concentrated product for controlled waste disposal. Also tita-
nium(IV), which was not present in the multi-element solution, albeit
possibly present in goethite residue, could be separated as a solid by
addition of iron powder. For clarity reasons, the removed elements are
not presented in Fig. 8. From Fig. 7, it is clear that a pH of 1 or less is
necessary to avoid precipitation of metals, this way causing germanium
co-precipitation. In Fig. 8, the pH range was therefore limited to the
most interesting values, from pH 0.25 to 1.00. It is also clear from Fig. 8
that germanium can be completely adsorbed to the SILP in a highly
selective way (i.e. with minimal adsorbent contamination by other
elements). At pH values above 0.5, other elements such as indium(III)
and aluminium(III) get adsorbed too. Therefore, it was decided to keep
the pH at 0.5 (or lower) when using multi-element solutions. For further
experiments, iron powder was added to the multi-element solution and
after reacting for 5 min, the solid precipitate was separated from the
aqueous (purified) solution.

After recovering germanium(IV) from the multi-element solution, it
must be stripped from the solid adsorbent to an aqueous phase. In
Table 2, a screening study is presented where three types of stripping
agents (10 mL) were assessed in different concentrations: NH4Cl as
source of chloride anions, HNO3 as strong acid – simultaneously sup-
plying nitrate counter anions (from which extraction was already
shown to be poor, see Fig. 4), and Na2-EDTA as a commonly used
complexing agent. Prior to stripping, the SILP was washed twice with
ultrapure water (2 × 10 mL). A first thing to notice is that both the
NH4Cl solutions with a high chloride content and HNO3 solutions were
able to strip germanium in an efficient way. Iron and zinc seemed to be
the main impurities in the respective stripping solutions. However, both
metals can be selectively removed from the SILP by stripping with a
Na2-EDTA solution, without affecting the loaded germanium(IV) ions.
As such, this step could be considered as a scrubbing step prior to
stripping of germanium(IV). Loosely bound impurities can be removed
by a thorough washing procedure. Then, iron and zinc can be scrubbed
using a 0.05 mol·L−1 Na2-EDTA solution. Finally, stripping of pure

germanium can be achieved by either NH4Cl or HNO3 solutions. Given
that the SILP is composed of chloride anions, the best option would be
to use a (1 mol·L−1) chloride stripping solution, thus avoiding anion
exchange between the aqueous phase and the SILP, which would lead to
the need of regenerating the SILP.

Next, the combined scrubbing and stripping approach was at-
tempted. After scrubbing the loaded SILP with a 0.05 mol·L−1 Na2-
EDTA solution, HCl was used as stripping agent instead of NH4Cl, in
order to ensure that the pH was low enough to keep germanium dis-
solved in the aqueous phase. The washing procedure, applied both after
the adsorption and the scrubbing step, was altered by shaking the SILP
three times for 10 min using 10 mL of ultrapure water each time.
Additionally, it would be interesting to concentrate the germanium(IV)
solution. Consequently, also the used volume of stripping solution was
an important parameter and was therefore considered as well. Not only
single stripping steps were studied, but two tests were performed as
well where the same amount of stripping solution was used twice. All
results are shown in Table 3, where the first data row refers to the
scrubbing step. Logically, if larger stripping solution volumes are used,
the elemental concentrations in the stripping solutions are lower. Based
on the total amount of germanium stripped in combination with the
ability to concentrate, stripping two subsequent times using 2 mL of
1 mol·L−1 HCl solution each time (the last option in the table) was
concluded to be the better option. After the first stripping step, 81% of
the total amount of germanium(IV) loaded on the SILP was already
stripped. The second stripping step increased the total stripping effi-
ciency to 100%.

Fig. 8. pH influence on the metal removal percentage using the SILP for a
multi-element solution (10 mL solution, 17 mg·L−1 Ge(IV) (sulphate),
0.05 mol·L−1 trisodium citrate, 500 mg of SILP, 6 h adsorption, pH 0.25–1).

Table 2
Elemental concentration of the loaded stripping solutions.

Stripping solution Elemental concentration (mg·L−1)

Fe Zn Al Cu Mn As Ca Mg In Ge

0.25 mol·L−1 NH4Cl 298 18 10 0 4 1 4 2 1 3
0.5 mol·L−1 NH4Cl 307 6 11 0 4 1 5 2 1 10
1 mol·L−1 NH4Cl 306 2 11 0 4 2 4 2 0 15
2 mol·L−1 NH4Cl 302 1 11 0 4 1 4 2 0 16
4 mol·L−1 NH4Cl 279 2 10 0 4 2 4 2 0 16
0.1 mol·L−1 HNO3 322 275 10 0 5 1 4 2 1 14
0.25 mol·L−1 HNO3 325 274 11 0 5 2 4 2 1 16
0.5 mol·L−1 HNO3 314 275 10 0 4 1 4 2 1 17
1 mol·L−1 HNO3 316 272 10 0 4 1 5 2 1 16
2 mol·L−1 HNO3 325 279 11 0 5 1 5 2 1 17
0.05 mol·L−1 Na2-EDTA 292 217 7 0 4 2 4 2 1 0
0.1 mol·L−1 Na2-EDTA 282 213 7 0 4 1 4 2 1 0
0.25 mol·L−1 Na2-EDTA 302 224 8 0 4 1 5 3 1 0
1 mol·L−1 Na2-EDTA 244 205 7 0 3 1 5 2 1 0

Table 3
Influence of the HCl concentration and the volume of HCl solution on the metal
composition of the stripping solution.

Stripping solution volume
and concentration

Elemental concentration (mg·L−1)

Fe Zn Al Cu Mn As Ca Mg In Ge

10mL 0.05mol·L−1 Na2-EDTA 59 42 1 1 1 1 5 0 0 0
10 mL 0.1 mol·L−1 HCl 4 4 1 0 0 0 1 0 0 8
10 mL 1 mol·L−1 HCl 3 0 1 0 0 0 1 0 0 19
10 mL 4 mol·L−1 HCl 0 5 1 0 0 0 1 0 0 18
5 mL 1 mol·L−1 HCl 4 0 2 0 0 0 1 0 0 35
5 mL 2 mol·L−1 HCl 1 4 3 0 0 0 2 0 0 36
2 mL 1 mol·L−1 HCl 8 0 5 0 0 0 2 0 0 67
2 × 5 mL 1 mol·L−1 HCl* 2 0 1 0 0 0 1 0 0 19
2 × 2 mL 1 mol·L−1 HCl* 5 1 3 0 0 0 2 0 0 44

* The data of the two-step stripping experiments (two last rows) relate to the
average concentration values of the two stripping solutions combined.
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Lastly, the scrubbing and stripping kinetics were studied using a
further optimised washing procedure and scrubbing/stripping solu-
tions, although only one stripping cycle using 2 mL of 1 mol·L−1 HCl
solution was performed instead of the double stripping cycle. The re-
sults are shown in Figs. 9 and 10, respectively. A conclusion was made
that for both the scrubbing and the stripping step a duration of 1 h is
required. Since the optimal stripping procedure consists of two sub-
sequent stripping cycles, the total stripping time is 2 h. The con-
centration of iron and zinc in the scrubbing solution are lower com-
pared to the values in (the first row of) Table 3 as a result of the
improved washing procedure. This also results in lower amounts of iron
in the final stripping solution. The contaminants present in the stripping
solution are iron, aluminium and calcium, all of them in a concentration
of only 1 mg·L−1.

When applying the optimal adsorption – scrubbing – stripping
procedure on the multi-element solution (with washing steps in be-
tween), a germanium solution of 44 mg·L−1 was obtained (corre-
sponding to complete germanium recovery) with a germanium-over-
iron mass ratio of 39 and a selectivity factor as high as 34 400.
Therefore, this method is extremely selective for germanium, especially
compared to the large amount of iron present in the original solution.

3.4. SILP reusability

The reusability of the SILP was studied by performing five sub-
sequent adsorption – scrubbing – stripping cycles on the multi-element

stock solution. In case there would be some minor anion exchange
during the adsorption step, the SILP would be regenerated during the
stripping step using HCl, leading to a steady adsorption efficiency in the
next cycle. As can be seen in Fig. 11, the germanium adsorption effi-
ciency remains rather constant during all cycles. Also the stripping ef-
ficiencies remained more or less constant, with the exception of the
stripping efficiency obtained after the stripping step in the second cycle,
which is a bit elevated compared to the other cycles. Compared to the
previous experiments, where 100% of the germanium was stripped,
only 89% of germanium was stripped (on average) in the reusability
experiment. This is the result of using a really small stripping solution
volume (1 mL instead of 2 mL) but in the same glass vial, which results
in a less opportune contact between the stripping solution and the SILP.
The variation on the stripping efficiencies was predicted to vary more
compared to the adsorption efficiencies since more manipulations are in
between the addition of the stock solution and the stripping step itself.
It can be concluded that the developed method can be used multiple
times without decrease in performance.

A flowsheet for the recovery of germanium from a dilute germanium
– iron solution, such as a goethite type of leachate, is presented in
Fig. 12. The proposed flowsheet is based on a batch process. If this
flowsheet would be transformed into a flowsheet for a column setup,
some process steps could be eliminated. If, for instance, two columns
would be placed in series, with the first column containing solid iron
particles (to reduce iron(III) to iron(II)) and the second column con-
taining the SILP, the ‘filtration’ steps would no longer be necessary. The
only necessity is a regular refill of the first column with iron scrap.
Moreover, the adsorption, washing, scrubbing and stripping steps may
seem as separate steps within the process, but in practice, there is no
need to transfer the SILP particles from one column to another.

4. Conclusions

A flowsheet is proposed for the selective recovery of germanium
from iron-rich solutions. The developed system, based on SILP tech-
nology, appeared to be highly selective for germanium. First, an Aliquat
336 SILP was prepared by physical impregnation of Amberlite XAD-16N
with the ionic liquid Aliquat 336. The adsorption procedure was fully
optimised and quantitative recovery was reached for 10 mL of a single-
element germanium solution (59 mg·L−1) by adding 0.5 mL of citrate
solution (1 mol·L−1) and 500 mg of SILP, and contacting for 6 h. After
adsorption and washing, a scrubbing step using an EDTA solution
(0.05 mol·L−1) showed to be efficient in removing small amounts of
iron and zinc impurities. After washing the SILP again to remove the
excess of EDTA solution, the SILP was stripped using a two-step strip-
ping procedure, each stripping step using 2 mL of a 1 mol·L−1 HCl so-
lution and lasting for 1 h each. A concentrated germanium solution of

Fig. 9. Influence of the scrubbing time on the elemental concentration of the
scrubbing solution (optimal adsorption parameters, 10 mL of EDTA solution
(0.05 mol·L−1), 1–240 min scrubbing time).

Fig. 10. Influence of the stripping time on the germanium concentration in the
stripping solution (optimal adsorption parameters, 10 mL of EDTA scrubbing
solution (0.05 mol·L−1), 240 min scrubbing time, 2 mL stripping solution,
1–240 min stripping time).

Fig. 11. Germanium adsorption efficiencies (full bars, left Y–axis, relative to
cycle 1) and stripping efficiencies (dashed bars, right Y-axis) for five subsequent
adsorption – scrubbing – stripping cycles, using the optimal parameter setup.
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44 mg·L−1 was obtained (corresponding to full germanium recovery),
with a germanium-over-iron mass ratio of 39 and a selectivity factor
equal to 34 400, starting from a multi-element solution resembling an
actual leachate of goethite residue. Moreover, the SILP system appeared
to be reusable in multiple cycles without losses in terms of adsorption or
stripping efficiency and without the need to regenerate the SILP ad-
sorbent. In conclusion, the developed flowsheet has a high potential for
the selective recovery of germanium (present in low concentrations)
from iron-rich solutions, such as acidic leachates from goethite residue
of the zinc industry.
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