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ARTICLE INFO ABSTRACT

Keywords: The retention of In,(SO,); and GeO, with two different commercially available polymeric nanofiltration (NF) flat
Nanofiltration sheet membranes (NP010, NFO9HF) was investigated between pH 2 and 12. The main objective of this ex-
Zeta potential perimental study is to investigate the selective separation of both indium and germanium in aqueous sulfate
Speciation solution. The experiments focus on a future membrane application for winning indium and germanium from
g‘iﬁ?ﬂium bioleaching solutions. The investigation was conducted with synthetic solutions while single salt experiments

and experiments with the binary salt system were performed. Depending on pH value, ions show different
speciation which strongly influences membrane charge and separation performance. Streaming potential mea-
surements with In,(SO,); and GeO, were performed to determine zeta potential as a measure of membrane
charge. KCI was used as a reference system of zeta potential since it is considered inert regarding interaction
with the membrane surface. Both, zeta potential profiles of single salt solutions and binary mixtures showed a
remarkable interaction between indium and germanium ions and the membrane surface because the IEP was
shifted to a higher pH value. The results were ascribed to specific adsorption of In** on the membrane surface.
The nanofiltration experiments revealed that indium and germanium are separated successfully within distinct
pH values which is caused by electrostatic interaction of species like In** and In(OH); and the membrane charge.
Furthermore, size exclusion plays a distinctive role in the separation of In(OH)] and Ge(OH)§. Above all, we
could show that germanium can successfully be enriched in the permeate.

1. Introduction

The use of metals in high tech applications has increased strongly in
recent decades. The main reasons for this development are an in-
creasing global population as well as new technologies needed for
modern communication and information technology. Consequently, the
European Commission initiated an evaluation to define critical raw
materials for the European Union’s economy. In 2013 fifty-four raw
materials have been analyzed and finally twenty were identified as
critical. The list also includes indium and germanium. The main reasons
are their economic importance as well as an existing supply risk be-
cause worldwide production is dominated by China. Therefore, the
European Union is highly dependent on importing ores from which
indium and germanium are produced. More critical aspects are low
recycling rates and mostly no alternatives for substituting indium and
germanium through other non-critical elements. While the global pri-
mary production of germanium was 160 tons per year in 2015 the
demand is predicted to increase up to 200 tons per year in 2030 [1-3].
Main applications of germanium are the production of fiber optic cables
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and products for IR-optics. The global primary production of indium is
stated to be 759 tons per year in 2015. Until 2030 it is predicted to
increase up to 1911 tons per year. Indium is mainly used for the pro-
duction of liquid crystal displays (LCD) and thin-film photovoltaics
[4-6].

Since indium and germanium are enriched in zinc sulfide ores
(sphalerite, ZnS), the common method of winning is as a by-product of
zinc production via pyro- and hydrometallurgy [7]. Beside the con-
ventional winning methods, bioleaching of metal ores is an effective
method to extract metals from low-grade ores and forms the basis for
the current work. It is an environmentally friendly technology since no
harmful organic solvents have to be used. Furthermore low operating
costs are needed, so it is compatible with the requirements to be im-
plemented at commercial scale [8]. Through microbial activity of
acidophilic bacteria (e.g. Acidithiobacillus ferrooxidans) sulfide is oxi-
dized to either sulfur or sulfate while zinc and further metal ions are
mobilized and transferred into aqueous solution [9,10]. The bio-
leaching solution to be treated is characterized by a variety of high
concentrated metal ions in sulfate dominated aqueous solution,
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whereas indium and germanium are low concentrated. To provide an
effective downstream processing for separating indium and germanium
from the leaching solution, solvent extraction and membrane tech-
nology are aimed to be linked together. In this paper the potential of
polymeric nanofiltration (NF) membranes for removing indium and
germanium from synthetic aqueous solution is investigated preliminary
to the treatment of real leaching solutions. NF is a pressure driven
membrane process. Its common application is the purification of water
(e.g. remove hardness) and fractionation of ions and small molecules in
a variety of industries due to its ability to separate univalent from
polyvalent ions [11].

Separation mechanisms between polymeric NF membranes and
electrolyte solutions remarkably depend on membrane characteristics
and solution composition. It mainly includes steric and electrostatic
partitioning between the membrane and the electrolyte solution as well
as sorption effects due to different affinity between the ions and the
membrane material [12,13]. The membrane surface is characterized by
the appearance of hydrophobic and hydrophilic functional groups. In
contact with electrolyte solutions a surface charge is acquired because
of different interactions [14]. The most important are dissociation of
hydrophilic functional groups, specific and unspecific adsorption of
ions on hydrophobic groups and the adsorption of polyelectrolytes,
ionic surfactants and charged macromolecules [15,16]. Altering the pH
value also changes the membrane charge since surface functional
groups dissociate. The pH value at which the membrane has no net
charge is known as the isoelectric point (IEP). Commonly, NF mem-
branes show an IEP in a pH range 3-6. Hence, they are positively
charged in acidic pH-range and negatively charged for neutral to al-
kaline conditions [17]. In general polymeric membranes show am-
photeric behavior [18-20]. The charged membrane surface affects ion
retention due to electrostatic interaction which in turn is related to the
ions present in solution [21]. Ions can occur in different chemical
species which have an effect on charge, solubility and diffusion coef-
ficient. Consequently ion speciation directly affects membrane trans-
port. Regarding metal ions, complex reactions with different ligands in
solution have to be considered. In the metal-ligand-system speciation
depends on several factors like pH, ionic strength and redox conditions
[22,23].

Fig. 1 shows the calculated speciation diagrams of indium and
germanium hydrolysis. The stability constants have been critically re-
viewed and summarized by Baes and Mesmer [24] and hence provide
reliable information which is convenient for reference.

The most important oxidation state of indium is IIl. The hydrated
In3* is coordinated with six water molecules with a bond distance
In—OH, of 2.15 + 0.03 A and therefore exists as octahedral complex
[In(H,0)s]**. For the following consideration it is simplified and ex-
pressed in terms of In3*. At ambient temperature, In** is most likely
predominant at pH less than 4. Indium occurs in water as mononuclear
(poly-)hydroxides like In(OH)?**, In(OH)}, In(OH)} and In(OH);
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whereas In(OH)J and In(OH); (Fig. 1a) are predicted to be the most
dominant species in the absence of other ligands within neutral and
alkaline pH-range. There is also evidence of occurring indium sulfate
species [26]. Consequently the availability of sulfate will modify the
speciation diagram.

Germanium occurs in the oxidation states II and IV. Because redox
potential of natural environments is too high, divalent species rarely
occur [27]. The most important species in aqueous solution are ger-
manic acid Ge(OH)] and its dissociation products GeO(OH); and
GeO,(OH);~ (Fig. 1b). The latter occurs in slightly alkaline solution. In
contrast to indium, the single cation Ge** rarely exists although its
occurrence is discussed in literature for highly acidic solution [26].

The separation of metal ions with NF membranes depending on pH-
value is a major issue. Hoyer et al. [28] investigated the separation of
uranium species with NF membranes from mining waters depending on
pH value. Cross-flow experiments revealed uranium retention of more
than 99% which lead to a considerable reduction from 1.6 mgl~?! to
3ugl™! uranium in the mine effluent. Further studies about the se-
paration of Pb(NOs), and Co(NO3), with NF polyamide membranes
have been performed by Bouranene et al. [29]. They varied the pH
value between pH 3 and 7 and a distinct influence of pH value on re-
tention was observed. For instance, in single-salt solutions, retention of
lead was higher compared to copper at pH = 5. Because this result does
not agree with stokes radii of lead and copper ions, steric effects were
excluded while membrane ion interaction were supposed to be the
leading separation mechanism. Gherasim et al. [30] studied the re-
moval of Pb?* and Cd?* from synthetic solutions made of Pb(NOs), and
Co(NOs), under variable operating conditions while changing the pH
value in a range between pH 3 and 5.7. In a single salt solution of
Pb(NOs), the retention of Pb?* increased with increasing pH due to
electrostatic interaction between the lead ions and the charged mem-
brane surface. In binary salt solutions, a correlation between metals
hydration energies and retention of the metal ions was detected. The
separation of indium chloride with three different NF membranes has
been investigated in literature under various operating conditions in
cross flow mode [31]. The pH value was adjusted to pH 6 and 8 which
enhances indium retention. This observation was ascribed to the for-
mation of indium hydroxide and aquo-cation complexes in the presence
of Na* and CI~ above pH 7. The retention behavior at pH 6 was assumed
to be due to the formation of indium oxide complexes. Since indium
forms reasonably stable chloride complexes [26] which in turn affect
occurring speciation, these results are not applicable to the current
sulfate system.

The purpose of the current work is giving a detailed experimental
basis for a future technological application, namely separating indium
and germanium from leaching solutions coming from a bioleaching
application. Therefore a series of experiments were designed to eval-
uate the influence of pH value, concentration of the solutes and the
application of dead end or cross flow mode. First of all, the performance
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Fig. 1. Speciation diagrams of (a) 1 mmol 1! indium in water and (b) 1 mmol1~! germanium in water (calculation with software HySS using stability constants from Baes and Mesmer

[24,25]).
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Table 1
Nanofiltration membrane properties [34,35].

Membrane NF99HF NPO10
Supplier Alfa Laval Microdyn Nadir
Membrane material Polyamide thin film Polyethersulfone
composite on polyester
support
Recommended operating conditions:
PpH range 3-10 0-14
Processing temperature 5-50 5-95
[*C]
Maximum operating 55 40
pressure [bar]
Main characteristics:
MWCO [Da] 200 1000
Pure water flux [ m~2 324 = 320 230 * 57°°
h™']
Nom. retention [%] Na,S04: 997 Na,SO4: 35-75
MgSO,: > 98 MgSQ,: 15"
Mean pore radius 0.43 nm* 1.33nm‘
Isoelectric point 4.12-4.42° (10 mmol 1 ~? 5.3° (1 mmol 17! KCI)
KCD) <3.59 (1 mmol 17*

KCI)

@ 15 bar, 20 °C, stirred vessel, 500 min .
b Arithmetic mean + standard deviation.
€ [36].
4 [371.
€ [38].
f[39].

of two different NF membranes, used for the removal of indium and
germanium ions from synthetic aqueous solutions are presented in this
paper, with particular focus on pH-variation. By using different poly-
meric NF membranes we want to evaluate the influence of different
membrane material on the overall membrane performance. The influ-
ence of single salt solutions as well as binary salt mixtures on retention,
permeate flux and membrane surface charge were experimentally in-
vestigated.

2. Experimental work
2.1. Membranes and chemicals

After a preliminary screening with five different commercial NF flat
sheet membranes, NFO9HF and NP010 were selected for detailed
testing because they showed the best performance regarding permeate
flux and ion retention [32,33]. Membrane characterization is listed in
Table 1. Unmarked information was given by the manufacturer. The
feed solution contained 10 mg1~! GeO, (purity 99.9999%; Alfa Aesar)
and 10 mg 1~ ! In,(SOy); (purity 99.99%; ChemPUR). All of the aqueous
solutions were prepared by using ultrapure water (conductivity <
0.055 uSecm ™). The pH value of aqueous solution was adjusted by
dosing appropriate amounts of H,SO, and NaOH, respectively.

2.2. Zeta potential measurements

To evaluate the effect of indium and germanium ions on the value
and sign of the membrane charge, the pH dependent zeta potential of
the membrane surface was determined by measuring the streaming
potential. Prior to the measurements the membranes were conditioned
with Ultrasil® (15g1™") for 45 min. Afterwards they were stored in
deionized water. The measurements were performed with the
SurPASS™ electrokinetic analyzer (Anton Paar GmbH, Austria) em-
ploying an adjustable gap cell for disks. The sample size was 13 mm in
diameter. Experiments were performed twofold. For each experimental
run, a new membrane coupon was used. To reveal the effect of specific
interaction between the membrane surface and complex solutions of
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indium and germanium, a comparison with KCl (p.a., Merck) solution
was done. Therefore two different electrolyte solutions were in-
vestigated for the zeta potential measurements: 1 mmol 1~ KCI as well
as single-salt solutions and binary mixtures of 10 mg1~' GeO, (purity
99.9999%; Alfa Aesar) and 10mgl~' Iny(SO,); (purity 99.99%;
ChemPUR).

KCl was used as a reference system because it is inert regarding
membrane surface interaction [40]. Aqueous solutions of indium and
germanium were investigated to consider the effect of different ion
speciation on zeta potential. The pH was adjusted in a range of pH 3-8
by titration of H,SO, (0.05 mol1™!) and NaOH (0.05mol1™1) respec-
tively. The pressure difference along the streaming channel was
300 mbar. The average gap height was adjusted to 97 + 2 pm which
results in a flow rate of 100 mlmin~'. The measurements were per-
formed at ambient temperature. Prior to the measurements the system
was rinsed with feed solution which is rejected before starting the
streaming potential measurement. The SurPASS™ software Visiolab
calculated the zeta potential by using the Helmholtz-Smoluchowski
equation (see Eq. (1)) [15]

Ap g AR (€]

where AU is the measured streaming potential, Ap is the applied
pressure, 7 the viscosity of the solution, ¢ the dielectric permittivity of
the solution, ¢, the permittivity of vacuum, L/A the cell constant and R
the electrical resistance inside the streaming channel, respectively.

2.3. Nanofiltration experiments

Nanofiltration experiments were conducted to investigate the pH-
dependent retention of indium and germanium by means of single salt
solutions and binary mixtures. The experiments were performed in dead
end filtration mode illustrated in Fig. 2.

The membrane surface area was 34 cm? and the temperature was
maintained at a constant value of 25 °C using a heat exchanger. The
membrane sheet was placed on a porous sinter disc to avoid mechanical
damage during the experiment. The feed volume was 450 ml. To pre-
vent concentration polarization, the experiments were conducted under
stirring conditions. The stirring speed was set to 500 rpm. The batch
vessel was pressurized with N, at 15 barg. Comparable to the zeta po-
tential measurements, the flat sheet membranes were conditioned with
Ultrasil® (15 g1~ 1) for 45 min, subsequently stored in deionized water
for one hour and finally in feed solution. The single salt experiments
were repeated twice, those with binary salt mixtures were repeated four
times. Prior to the use of a new membrane sheet the pure water flux was
determined. The experiments were performed in a broad pH range of 2,
3,4,5,6,7, 8and 12 to investigate the influence of alternating ionic
species and a changing membrane surface charge on the separation
performance. The membrane sheet was replaced after the complete pH
range was measured. Conductivity and pH-value were determined be-
fore and after the experiments. Between two consecutive experiments
the membrane was flushed with 200 ml of deionized water. The mass of
permeate was recorded over the duration of the experiment. When a
permeate mass of 200 g was accumulated on the laboratory balance, the
experiment was immediately stopped and 10 ml samples of permeate
and retentate were taken. To evaluate the separation performance of
the polymeric NF membranes the observed retention R;,, was calcu-
lated according to Eq. (2), where myp; and myg; are the mass of permeate
and retentate, respectively.

mpl-
Riobs = (1__]
me;

An adapted measure of retention of indium and germanium was applied
by using the ratio of the mass of solute in permeate and retentate (see
Eq. (2)), respectively. An adaption of the usual definition of retention

(2
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Fig. 2. Experimental set-up of nanofiltration experi-
ments in dead end mode.

Balance

employing concentrations seemed reasonable, since concentration of
the feed solution constantly changes due to static filtration during dead
end filtration mode. Furthermore, retention based on concentration
values has been derived for steady-state processes such as of cross flow
filtration.

2.4. Analytical methods

The elemental analysis of indium and germanium in samples of feed
solution, permeate and retentate was determined via ICP (inductively
coupled plasma) MS (mass spectrometer) (ICP-MS Elan 9000, Perkin
Elmer SCIEX). The device was equipped with a microflow nebulizer
(PFA-ST Nebulizer) and a baffled quartz cyclonic spray chamber (both
AHF analysentechnik AG, Tuebingen, Germany). The atomic mass used
for determination was 113 for indium and 74 for germanium, respec-
tively. 10 ug1~! Rhodium was used as internal standard. The pH value
(model “SenTix® 940”) and conductivity (model “TetraCon® 925”) of
the solutions were measured with a multi parameter portable meter
(Multi 3420 Set C, WTW, Germany).

3. Results and discussion
3.1. Zeta potential measurements

3.1.1. Zeta potential measurements with KCl

Evaluation of the initial membrane charge of the utilized polymeric
NF membranes, streaming potential measurements were performed by
using 1 mmol 1~ ! KCI. The measured zeta potential values for NFO9HF
and NP010 are shown in Fig. 3. The measurements were performed
between pH 2 and 9. Error bars in y-direction illustrate maximum and
minimum values of two experiments. This nomenclature is consistently
used for all zeta potential diagrams.

Polymeric polyamide membranes often show amphoteric behavior
and consequently a pH-dependent surface charge. They are positively
charged at low pH. With increasing pH, the IEP is passed and positive
charge switches into negative charge [41]. At the IEP the membrane has
no net charge. As Fig. 3 shows, the IEP of NFOOHF is revealed between
pH 2.1 and 2.3. With increasing pH value, the zeta potential decreases.
The zeta potential curve of NFO9HF shows a typical amphoteric
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Fig. 3. NF99HF and NP010. Results of zeta potential measurements for aqueous solutions
of 1mmol1~! KCI.

behavior, which is mentioned above. The active layer of NFO9HF is
made of polyamide (see Table 1), so amine groups (—NHY¥) and car-
boxylic groups (—COOH) are located at the membrane surface. Car-
boxylic groups are weakly acidic and therefore dissociating at higher
pH to form —COO~ [42]. The more alkaline amine groups are posi-
tively charged at low pH-values due to protonation (—NHZ¥) [15].
Consequently, polyamide membranes acquire a positive surface charge
at low pH and a negative surface charge at high pH values because
carboxylic groups are deprotonated. The obtained IEP is lower com-
pared to the findings acquired in literature (see Table 1). The experi-
mental deviation in the experiments is attributed to the variability of
the intrinsic membrane characteristic since a new membrane sample
was used for each measurement.

Unlike the NFO9HF membrane, zeta potential of NP010 shows dif-
ferent behavior. Results show that NP010 is negatively charged
throughout the investigated pH range (see Fig. 3). This is in contrast to
the IEP found in literature (see Table 1). However the permanent ne-
gative surface charge goes along with the membrane material (see
Table 1). Occurring sulfonic groups (—SO3) are strongly acidic and
dissociated over a wide pH range [42]. Consequently, the membrane
surface is negatively charged within the entire pH scale as results for
NPO010 indicate (Fig. 3). The NF99HF membrane shows a steeper zeta
potential profile compared to NP010. Also the membrane charge is
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Fig. 4. NFOOHF. Results of zeta potential measurements for single salt aqueous solutions of 10 mg 1~ Iny(SOy4); (left) and 10 mg1~! GeO, (right) compared to 1 mmol1~! KCI.

noticeably more negative which implies a higher density of negative
functional groups [14,15]. The differences in the zeta potential curves
clearly represent the differences in surface chemistry of the membranes.

3.1.2. Effect of Iny(SO4); and GeO, on membrane surface charge — single
salt solutions

For identification of the specific interaction between ions of indium
and germanium and the membrane surface, differences between zeta
potential of single salt solutions and KCl were evaluated. The com-
parison with KCI solution is consistently done for all the following re-
sults dealing with zeta potential. Fig. 4 shows the results of the NFO9HF
membrane.

In comparison to the KCl measurements, the zeta potential of the
NF99HF membrane changes when it is in contact with the single salt
solutions of indium and germanium, as Fig. 4 demonstrates. In case of
the indium solution (see Fig. 4, left) the IEP is shifted towards pH 3.1
which indicates specific adsorption of In** on the membranes surface
due to the positive shift of the IEP [14]. The overall trend of the zeta
potential represents the behavior of a polyamide membrane (see Sec-
tion 3.1.1). When the membrane is in contact with the single salt so-
lution of germanium (see Fig. 4, right), also a positive shift of the IEP
towards pH 3.4 is detected. Unlike indium, germanium does not occur
as a cation but as uncharged Ge(OH)J and hence will not adsorb at the
membrane surface. So this observation remains unclear. In addition, the
zeta potential profile of germanium shows a wavy segment between pH
4 and 6. In [40] we found a similar course of a zeta potential curve
which was attributed to swelling of the charged polymeric material.
The hypothesis is, that dissociating negatively charged surface func-
tional groups and a subsequent repulsion between adjacent and equally
charged functional groups, lead to an expansion of the polymer chains.
Hence, swelling of the material is induced which increases accessibility
of the electrolyte solution to the functional groups located at the inner
surface. Finally, it leads to an introduction of ionic conductance in the
polymeric material which causes a short-term increase in zeta potential.
Since the NFO9HF contains negatively charged functional groups, the
hypothesis might be applicable but needs to be verified by further ex-
periments.

The zeta potential curves for NP010 membrane using single salt
solutions of indium and germanium are shown in Fig. 5.

Electrolyte solutions of indium and germanium cause a shift of the
NPO10 zeta potential curves towards more positive values when com-
pared to the KCl experiments. This result is comparable to NFO9HF.
According to the membrane material polyethersulfone (see Table 1) a
negative membrane surface charge would be expected throughout the
whole pH range (see Section 3.1.1). Since an IEP is detected, this result
must be related to the specific adsorption of cations onto the membrane
surface. Consequently we can point out that NFO9HF and NP010 show
specific interaction with aqueous solutions of indium and germanium.
The experiments with single salt solutions of indium sulfate reveal an
IEP at pH 2.3 (see Fig. 5, left). The results can again be attributed to a
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specific adsorption of In** on the membrane surface. The IEP obtained
with the single salt solution of germanium reveal an IEP at pH 2.1
which again is not in accordance with the speciation of germanium.
Hence, specific adsorption due to ionic interaction with the membrane
surface can be excluded due to the occurrence of the uncharged
Ge(OH)). Both curves show a similar trend with a wavy segment be-
tween pH 4-6. A possible explanation for this observation is given
above.

3.1.3. Effect of Iny(SO4); and GeO, on membrane surface charge — binary
mixtures

To evaluate the effect of indium and germanium ions in combined
solution, experiments with binary mixtures were performed. Fig. 6
shows the results for the NF9OHF membrane.

The measurements with the binary mixture of In,(SO,4); and GeO,
revealed the IEP at pH 3.5. If the results are compared to the results
obtained with single salt solutions, a further shift of the IEP towards a
higher pH value is recognized. If we further compare the results to the
KCl measurements, which represent the initial membrane charge
without any ion interaction, the zeta potential profiles of single salt
solutions and binary mixtures show a remarkable interaction between
indium and germanium ions and the membrane surface charge.
Apparently, single salt solutions as well as binary mixtures of indium
and germanium ions lead to enhanced specific adsorption of cations at
the membrane surface since the IEP is shifted towards higher pH values.
The wavy segment which could be observed at the single salt experi-
ments is again detectable between pH 4 and 5 but it is switched to more
positive values of zeta potential.

Fig. 7 shows the zeta potential obtained with binary mixtures of
indium and germanium ions for NP010.

Compared to KCI, which shows the expected course of the zeta
potential for a polyethersulfone membrane (see Section 3.1.1), the zeta
potential profile of binary mixtures of indium and germanium shows a
remarkable different trend. Because KCl is regarded as inert concerning
the interaction with the membrane surface, any change in the trend of
the zeta potential reveal specific interaction between the utilized
electrolyte solution and the membrane surface. The IEP is not reached
but in a range of pH 4-6 the membrane charge is nearly neutral. The
minimum zeta potential of —25mV can be observed both at pH 3 and
pH 8.2 while there is a steep increase in zeta potential from pH 3 to 4.7.
At pH values larger than pH 4.7 zeta potential decreases as expected.
Due to the fact that the measured zeta potential curve is not what we
expect from a polyethersulfone membrane, there must be an interaction
between indium and germanium and the membrane surface. The de-
crease in zeta potential below pH 4.5 is most likely attributed to specific
adsorption of SO~ which is contained in the feed solution and it is also
added while adjusting the pH value. Because anions are less hydrated in
aqueous solution compared to cations they can approach closer to the
membrane surface and consequently specific adsorption of anions is
enhanced [14]. The increase of zeta potential in a range of pH 4-4.5 can
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Results of zeta potential measurements for single salt aqueous solutions of 10 mg1~* Iny(SO4); (left) and 10 mg1~* GeO; (right) compared to 1 mmol1~* KCI.

be related to a change of speciation (see Fig. 1) because In(OH) is
formed at this pH value. The formation of In(OH)} may lead to the
formation of a passivation layer and a subsequent shielding of the
membrane charge. Consequently, a net neutral charged membrane
surface is acquired. With decreasing or increasing pH, indium hydro-
xide is dissolved and a membrane surface charge is developed. Since
germanium shows a stable speciation in form of Ge(OH)] in the con-
sidered pH range there is no interaction with the membrane surface. It
follows, that the results of zeta potential measurements are dominated
by indium.

3.2. Nanofiltration experiments

The dead-end experiments with feed solutions of indium and ger-
manium were evaluated regarding the observed ionic retention (see Eq.
(2)) and the permeate flux. The flux is expressed in terms of standar-
dized flux i.e. the ratio of the measured flux j, at each pH value referred
to the pure water flux jy,o. If the ratio j/jy, is less than one, the ob-
served permeate flux is smaller compared to the pure water flux.

3.2.1. Single salt experiments of indium and germanium - retention and
permeate flux

The nanofiltration experiments with single salt solutions were in-
vestigated first due to systematic considerations. The experimental re-
sults of the observed ionic retention and the measured permeate flux for
each, indium and germanium solution, are shown in Fig. 8. Error bars
represent minimum and maximum deviation from the arithmetic mean.
This nomenclature is consistently used for all of the following NF dia-
grams.

NPO10. Fig. 8 displays the experimental results of single salt re-
tention of indium and germanium and the standardized flux versus pH
value, respectively.

Fig. 8 (left) shows that indium retention increases with increasing
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Fig. 8. NP010. Retention of single salt solutions of 10 mg1~" Iny(SO4); (left) and 10 mg1~" GeO, (right) and membrane performance in terms of standardized flux. (Experimental

conditions: 15 bar, 25 °C, stirred batch vessel 500 rpm).
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pH. The sharp increase from 0.15 to 0.65 in a pH range of 3 to 4 is well
reproducible within the double determination. Referring to the spe-
ciation known from stability constants (see Fig. 1a) and measured zeta
potential (Fig. 5), low retention at pH 3 is accompanied with electro-
static attraction between the negatively charged membrane surface and
the hydrated In** cation. From pH 5 to 12 indium is retained close to
unity which is connected to formation of In(OH)} and In(OH);. At
neutral pH In(OH)] is the dominating species which subsequently leads
to size exclusion as the dominating factor of retention. Hydroxides are
also known as voluminous aggregates which enhance retention. Above
pH 10 In(OH); is the predominant species. With a distinct negative
membrane charge, high retention at pH 12 is caused by electrostatic
repulsion effects.

Referring to germanium (Fig. 8, right) there is a low retention of 0.1
in average, from pH 2 to 8. Focusing on the speciation diagram
(Fig. 1b), Ge(OH)) dominates the speciation of germanium in a broad
range until pH 8. Accordingly, size exclusion is the dominating exclu-
sion effect. At pH 12 the majority of germanium occurs in form of
GeO(OH); which is supported by the experimental results regarding the
negative membrane charge and increasing retention of 0.15-0.55 from
pH 8 to 12.

Although indium and germanium are both uncharged at neutral pH,
different separation behavior is observed. This observation must be
related to a different molecular size of Ge(OH)} and In(OH). Ge(OH)§
is coordinated in tetrahedral structure [43] and In(OH) in octahedral
structure [26] (see Fig. 9). The detailed chemical structure of In(OH)g is
indium as central ion coordinated with three OH-ligands and associated
with three water molecules. Although the size of the molecule depends
both on the size of the central ion and the ligands as well as on the bond
length, the octahedral structure itself is a first indicator that Ge(OH)] is
smaller compared to In(OH)J.

In addition, In** and Ge** show remarkable differences regarding
their ionic radii (see Table 2) since Ge** is half the size of In3*. The ionic
size is directly connected to the surface charge density (see Eq. (3)) [44]

_ %€
47'rr,-2

Gi
3
where z; is the charge number of the ion, e is the elemental charge and 1,
is the ionic radius. According to Eq. (3), the surface charge density is
proportional to the charge number of the ion and indirect proportional
to the size of the ions.

Consequently, Ge** shows a much higher surface charge density
(see Table 2) due to its smaller size and an additional positive charge,
compared to In*. This leads to stronger attractive forces inside the
molecule and subsequently must result in a smaller size of Ge(OH)j,
which is finally able to pass the membrane.

There are further approaches within the research project to de-
termine diffusion coefficients of indium and germanium which would
allow calculating stokes radii of indium and germanium. Furthermore,
research work is done to determine the bond length of Ge—O in aqueous
solution, so the calculation of the molecular size of Ge(OH)) would be
possible. Once the mentioned data are obtained a closer consideration

OH

HO.._ | _-OH e
=In.
Ho/f ~OH, /Ge/OH
; HO ~OH
OH,
a) [In(HZO)s(OH)3]O b) Ge(OH)2

Fig. 9. Chemical structure of In(OH)J and Ge(OH)} [26,43].
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Table 2
Tonic radii and surface charge density of indium and germanium [45].

Ton ri [A] 0 [Cm™?]
In3+ 0.8° 5.98
Get+ 0.39" 33.53

@ Octahedral coordination.
b Tetrahedral coordination.

of the separation mechanisms of indium and germanium is possible.

Regarding the permeate flux of indium and germanium solution
(Fig. 8), a massive flux decrease with increasing pH value can be ob-
served. These results are independent whether a solution of indium or
germanium salt is considered. In case of indium, flux decreases by 20%
at pH 2. The flux decreases to an average of 50% compared to pure
water flux, when pH is increased. This behavior is caused by increasing
osmotic pressure due to pH adjustment and a subsequent increase in
ionic strength. Furthermore, there is also precipitation of In(OH)3. Be-
cause of the high MWCO of the NPO10 membrane (1000 Da), we as-
sume that the precipitates are transported into the membrane structure
and cause an irreversible scaling inside the membrane pores but further
investigations have to be done. Regarding Ge(OH)] there is a stronger
flux decrease compared to indium, which is not fully understood to
date. In a range between pH 3 and 12 the flux is only 40% of the pure
water flux. Since the retention of Ge(OH)j is much lower compared to
In(OH)}, a higher permeate flux of Ge(OH); was expected.

NF99HF. Fig. 10 shows the experimental results of single salt re-
tention of indium (left) or germanium (right) and standardized flux
versus pH value.

The results of indium and germanium retention (Fig. 10) show a
similar tendency compared to NP010. At pH 2, indium retention is 0.15
in average and by increasing pH value, retention increases. The reten-
tion behavior at pH 2 is not in accordance with a positive value of zeta
potential (Fig. 4). Above pH 2 there is a continuous increase in reten-
tion. The high variation at pH 3 can be related to the speciation of
indium since In(OH)?* is formed. Furthermore the IEP is located at pH
3.1 (Fig. 4) so small variations in pH value result in a considerable
change in retention due to a changing membrane charge. Above pH 4
retention increases up to 1 which is consistent with the occurrence of
In(OH)} and a subsequent size exclusion. Like NP010, high retention of
indium at pH 12 is related to the negative membrane charge and
electrostatic repulsion effects with the occurring In(OH);.

Similar to the results of NP010, retention of germanium is low and
ranges from 0.2 to 0.35 between pH 2 and 8. Since the uncharged
Ge(OH)] is the predominating species, steric retention is the dom-
inating separation effect. Compared to NP010, NFO9HF shows a smaller
MWCO of 200 Da (see Table 1). Consequently, Ge(OH)} must be even
smaller otherwise the low retention could not be observed. At pH 12
retention increases up to 0.7 which is in accordance with the net ne-
gative membrane charge (Fig. 4) and the predominant negatively
charged germanium species, namely GeO(OH);5 (Fig. 1b).

Referring to the permeate flux (Fig. 10) of the salt solutions,
NF99HF also shows a flux decrease within the experimental series.
Regarding the indium permeate flux a continuous decrease is observed.
At neutral pH the permeate flux is 60% compared to the pure water
flux. This result can be related to a combination of increasing ionic
strength due to pH adjustment as well as precipitation of In(OH)J. Due
to the smaller MWCO of the NF99HF, scaling on the membrane surface
and not inside the membrane pores is expected. Considering the
permeate flux of germanium solution, the flux decreased by 20%
compared to the pure water flux which is attributed to the increasing
ionic strength. This is also in accordance with the results of the indium
permeate flux since due to the precipitation of In(OH)} the indium
permeate flux must experience a stronger decrease.
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Fig. 10. NF99HF. Retention of single salt solutions of 10 mg1~" Iny(SO4); and 10 mg1~* GeO, and membrane performance in terms of standardized flux. (Experimental conditions.

15 bar, 25 °C, stirred batch vessel 500 rpm).

3.2.2. Binary salt mixtures of indium and germanium - retention and
permeate flux

In order to investigate the influence of ionic interactions between
indium and germanium, membrane experiments with binary salt mix-
tures of indium and germanium were performed.

NPO10. Fig. 11 shows the experimental results of binary salt mix-
tures of indium and germanium versus pH value and the corresponding
results of standardized flux referring to pure water flux for NP010.

In the binary salt mixture indium retention is characterized by a low
retention of 0.15-0.3 in a range of pH 2-4 and a subsequent increase in
retention above pH 4. Low retention at acidic pH values is in good
agreement with indium speciation In3* (Fig. 1a) and zeta potential
measurements (Fig. 7) which obtained a negative membrane charge.
With increasing pH value there is a steep increase in retention. In
principle, the trend of the retention curve is similar to the single salt
experiment (see Fig. 8). Unlike the single salt experiments, the increase
in retention is shifted towards pH > 4 which is consequently related to
speciation phenomena of simultaneously occurring indium and ger-
manium since all the other parameters remained unchanged. Above pH
4 indium retention is 0.95-1 which is related to size exclusion of
In(OH)? from pH 5-10 and subsequent electrostatic repulsion of
In(OH); and the negative membrane surface charge above pH 10
(Fig. 7). As results show, in a pH range of pH 5-12 indium is effectively
separated from germanium.

The retention of germanium is low in a range between 0.1 and 0.2
for all investigated pH values from pH 2 to 12 (Fig. 11). Retention
behavior is comparable to the single salt experiments (Fig. 8) except at
pH 12, since now retention is lower by more than 50%. This observa-
tion is most likely associated to the Donnan effect. At pH 12 the spe-
ciation of indium and germanium is dominated by In(OH); and
GeO(OH); and the membrane has a negative membrane charge (Fig. 7).
The occurring Na* ions (pH adjustment) will experience electrostatic

attraction, so passing of GeO(OH); is necessary to maintain electro
neutral conditions in the permeate solution. Furthermore, as a result of
the calculation of the surface charge density (Table 2) the assumption of
GeO(OH); being smaller compared to In(OH); is justified. Conse-
quently, in a binary mixture of indium and germanium, germanium
does not show a pH dependent separation behavior with NP0O10 and
hence is concentrated in the permeate solution.

The permeate flux of the binary salt solution (Fig. 11) shows similar
results compared to the single salt experiments (Fig. 8) which again is
an effect of increasing osmotic pressure due to pH adjustment and the
precipitation of In(OH)J which most likely cause scaling inside the
membrane pores. Accordingly, in the binary mixture of indium and
germanium the membrane performance of NP010 in terms of permeate
flux is dominated by the presence of indium.

NF99HF. Fig. 12 shows the experimental results of binary salt
mixtures of indium and germanium and the corresponding results of
standardized flux depending on pH value.

Within the binary salt system indium retention is in a range of 0.8 at
pH 2 and 3. With increasing pH, retention increases to 1 in a range of
pH 5-12. Compared to the single salt measurements (Fig. 10) differ-
ences are observable in terms of increasing indium retention by 80% at
pH 2. This observation is in accordance with the positive membrane
charge at pH 2 (Fig. 6) and hence the occurring electrostatic repulsion
between In** and the positively charged membrane surface.

Germanium retention is low in a range of 0.15-0.2 between pH 2
and 8. At pH 12, retention increases to an average of 0.5 but results
show high variation. The experiment at pH 12 was repeated five times
to check whether the deviation is random or not. After several runs the
deviation was confirmed whereas indium was constantly retained with
0.99 for all experiments. Although both membranes show negative
surface charge at pH 12 there are differences in retention which is due
to the different MWCO of NF99HF and NP010. Similarly to NP010, the
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Fig. 11. NP010. Retention of binary salt mixtures of 10mg1~" Iny(SO4); and 10 mg1~*
GeO, and membrane performance in terms of standardized flux. (Experimental condi-
tions: 15 bar, 25 °C, stirred batch vessel 500 rpm).
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Fig. 12. NFO9HF. Retention of binary salt mixtures of 10 mg1~" Iny(SO4)3 and 10 mg1~*
GeO; and membrane performance in terms of standardized flux. (Experimental condi-
tions: 15 bar, 25 °C, stirred batch vessel 500 rpm).
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NF99HF membrane also reveals a negative membrane charge at pH 12.
So again, the Donnan effect is assumed to be the effective separation
mechanisms (see above). But since the MWCO of the NFO9HF is smaller
(200 Da) compared to NP010 (1000 Da), there is an additional size
exclusion effect which enhances the retention of GeO(OH);. Finally the
results show, that the treatment with NFO9HF also enables a selective
separation of indium and germanium between pH 2 and 8, while ger-
manium is enriched in the permeate.

Referring to membrane performance it can be seen that the flux of
the binary salt mixtures is remarkably higher compared to the flux
obtained with the single salt solutions (Fig. 10). There is an average flux
decrease of 10% referring to pure water flux. Furthermore, a constant
performance loss with ongoing experiments is not observed. This ob-
servation is not in accordance with our expectations, because due to an
increase in ionic strength a curve at least similar to the single salt ex-
periments was expected.

Comparing NP010 and NF99HF, there is a stronger decrease of
permeate flux for NP010 due to a larger effective pore radius compared
to NF99HF. Since this observation occurred in a pH range where indium
hydroxide is predominant, the hypothesis of irreversible scaling inside
the membranes pores of NP010 (see Section 3.2.1) is supported.

4. Conclusions

In the present study, the pH dependent separation of indium and
germanium was investigated by means of nanofiltration. Two polymeric
nanofiltration membranes (NFO9HF, NP010) made of different mem-
brane material were used and the experiments were performed in dead
end filtration mode (Experimental conditions: 15bar, 25°C, stirred
batch vessel 500 rpm). The dead-end experiments with single salt so-
lutions and binary mixtures of indium and germanium were evaluated
regarding observed ionic retention as well as standardized flux.

In a binary salt mixture of In,(SO,); and GeO,, indium and germa-
nium can be separated from one another by variation of pH value. This
is on the one hand related to a change of speciation and on the other
hand related to a change of membrane charge due to a variation of pH
value in a range of pH 2-12. The results showed that in a future tech-
nical application, germanium is enriched in the permeate. Experiments
with single salt solutions and binary salt mixtures of In,(SO,4); and GeO,
revealed differences in retention which is related to ion-membrane in-
teraction in terms of electrostatic interaction and size exclusion.

To evaluate the effect of indium and germanium ions on value and
sign of the membrane charge, the pH dependent zeta potential of the
membrane surface was determined by measuring the streaming po-
tential. KCI was used as a reference system because it is inert regarding
membrane surface interaction. Compared to the experiments performed
with KCl, zeta potential profiles of single salt solutions and binary
mixtures of indium and germanium showed a remarkable interaction
between indium and germanium ions and the membrane surface charge
since the IEP was shifted towards higher pH values. This result indicates
the specific adsorption of cations, namely In3*.

Streaming potential measurements with binary mixtures of
In,(SO,4); and GeO, to determine zeta potential showed an IEP of 3.5 for
NF99HF. In case of NP010, zeta potential showed a negative membrane
charge throughout the entire investigated pH range with a distinct in-
crease in zeta potential from 4 to 4.5 and subsequent decrease which is
untypical for polymeric membranes. The differences observed in zeta
potential must be accompanied by the interaction of membrane mate-
rial and speciation. As results show, NPO10 shows strong interaction
with the electrolyte solution containing indium and germanium.

The qualitative assessment of the experiments in terms of standar-
dized flux i.e. measured ionic permeate flux referred to pure water flux
also revealed distinct differences between NP010 and NF99HF. Finally,
when treating the more complex binary salt solution, NFO9HF showed a
remarkable higher permeate flux.

The present results suggest complex interaction of different
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phenomena such as membrane-solution interaction as well as interac-
tion of pH-dependent species with the membrane and among each
other. Still, clarification of the underlying separation mechanisms and
prediction of membrane performance with respect to flux and retention
of involved ionic species remains difficult. Further experimental in-
vestigation will increase complexity of the ionic solution to evaluate
ionic interaction. Furthermore experiments in cross flow filtration mode
will be performed to assess the influence of changed hydrodynamic
conditions. There are also further approaches within the current re-
search work to determine diffusion coefficients of indium and germa-
nium as well as the bond length of Ge—O in aqueous solution, so the
calculation of the molecular size of Ge(OH) would be possible. Once
the mentioned data are obtained a closer consideration of the separa-
tion mechanisms of indium and germanium is possible.
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