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Abstract: Focusing on the selective extraction of the critical raw materials indium and germanium
from real bioleaching solutions, extended studies have been carried out using Europe’s first under-
ground hybrid membrane pilot plant (TRL6). In order to transfer former laboratory experiments to
pilot scale, NF99 (Alfa Laval) was used for the evaluation of membrane permeance and ion retention.
A performance test of microfiltration (MF) and nanofiltration (NF) showed high permeances with low
root-mean-square deviation under feed variation (5.2% for MF, 4.7% for NF). Depending on the feed
load, a significant permeance drop of up to 57% for MF (3 bar) and 26% for NF (10 bar, 1.1 m s−1)
was observed. The NF retention performance showed that, without regular chemical cleaning, the
selectivity between the target elements degraded. By introducing acidic-basic cleaning steps, it
was possible to keep the retention behavior at an approximately constant level (In 91.0 ± 1.3%; Ge
18.2 ± 5.5%). In relation to the specified target, the best results could be achieved at low pressure
(7.5 bar) and a maximum overflow velocity of 1.1 m s−1, with a retention of 88.4% for indium and
8.8% for germanium. Moreover, the investigations proved the functionality and long-term stability of
the underground membrane device.

Keywords: nanofiltration; microfiltration; bioleaching solution; downstream processing; strategic
elements; in-situ leaching; pilot membrane plant; on site processing

1. Introduction

The increasing demand for strategic elements requires innovative and environmen-
tally sustainable methods, which are suitable for both the extraction from increasingly
poor, complex, and difficult-to-reach raw materials and their downstream processing [1].
Although recycling can make a significant contribution to resource management and re-
sponsible use, the global resource demand cannot be fulfilled, even with a 100% recycling
rate [2]. Biohydrometallurgy offers a promising approach to solving this challenge in
the combination of in-situ extraction and fractionation using membrane technology [3–6].
Biohydrometallurgy enables an environmentally friendly mining of strategic elements from
underground raw materials. In particular, if applied in-situ in the form of microbiolog-
ical leaching, biohydrometallurgy is referred to as “environmentally friendly” since the
to-be-extracted raw material has neither to be resected from the ore vein nor transported
to the surface. As a result, energy-intensive process steps of traditional ore mining such
as crushing, milling, and grinding are no longer necessary, nor are tailing dumps, which
are now obsolete. All in all, this technology has a significantly better eco-balance than
conventional winning processes [7]. However, their economic efficiency is directly linked
to the leaching rate [8–10]. By using membrane technology for metal ion fractionation,
subsequent process steps can be further facilitated [11].
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For this purpose, a pilot plant combining in-situ extraction with on-site membrane
technology was installed in the research mine Reiche Zeche in Freiberg, Germany. The
schematic flow diagram is shown in Figure 1.
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The extraction by a microbial leach solution dissolves the strategic elements, in the
present case from sulphide ores—in the form of ions—while permeating through a pre-
fracked ore vein from the upper feed level to the lower level [3]. The resulting pregnant
leach solution (PLS) is rich in the target ions and mostly sulphate anions, which are another
product of the microbial catalyzed redox-reaction-based dissolution process. For more gen-
eral information on the process of bioleaching, see these references [8,10,12]. The leaching
feed solution, containing microorganisms, was cultured on site from locally occurring AMD
(acid mine drainage), which is characterized by a highly diverse composition of different
microorganisms. Dominant and, for the bioleaching, relevant taxa include Leptospirillum,
Acidithiobacillus, and Ferrovum [13]. The most common minerals of the subject ore vein
“Wilhelm Stehender” are galena, pyrite, sphalerite, arsenopyrite, and chalcopyrite [14].

At defined time intervals (2–4 weeks) or when the metal ion concentration stagnated
(verified by ICP-MS measurements), the leaching ended and a two-stage membrane filtra-
tion process, involving micro- and nanofiltration, as a first downstream processing followed.

This manuscript aims at characterizing the membrane separation of germanium and
indium contained in the PLS via a hybrid membrane plant, installed on site 147 m under
the surface in the research mine Reiche Zeche in Freiberg, Germany. According to the EU
Commission Study on critical raw materials, both target compounds belong to the elements
of increasing interest [1]. Preparatory experiments on permeance and ion retention carried
out at a laboratory scale are also reported.

2. Materials and Methods
2.1. Laboratory Scale Setup

Laboratory experiments were carried out with the crossflow membrane system, shown
in Figure 2.

A piston diaphragm pump (Verder, Type G03, Haan, Germany) conveys the feed with
a maximum membrane overflow velocity of 1.5 m s−1 in a pressure range up to 25 bars.
The system features two membrane cells with an active membrane surface area of 76 cm2

each. Permeate flows are measured gravimetrically. In addition, sensors for temperature,
retentate volume flow, conductivity, and pH value are implemented. More information can
be found in [15].
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2.2. Pilot Scale Setup

Figure 3 shows the underground hybrid membrane plant with its required compact
design, built by Andreas Junghans® GmbH & Co. KG (Frankenberg, Germany).
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All components for the membrane pilot plant device have been selected according
to the material stressing environmental conditions of almost 100% humidity, 11 ◦C, as
well as the sulfuric acid feed solution (pH ≤ 2). The pilot plant consists of 2 cycles—a
microfiltration and a nanofiltration cycle—as shown in Figure 4.
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The microfiltration cycle features 2 microfiltration modules connected in series as well
as a permeate backwash unit. Within the microfiltration cycle, the overflow velocity cannot
be adjusted via the installed pump. Therefore, higher system pressures result in lower
overflow velocities of approximately 3.4 m s−1 at 3 bar, 4.5 m s−1 at 2 bar, and 5.9 m s−1

at 1 bar. The nanofiltration cycle follows the microfiltration and is equipped with a feed
pump (Grundfos CRN1-33, Bjerringbro, Denmark) and a recirculation pump (Grundfos
CRNE5-4, Bjerringbro, Denmark) as well as one membrane module housing a spiral wound
membrane. The nanofiltration membrane is overflown up to 1.1 m s−1 at transmembrane
pressure differences (∆P) up to 25 bars. All tanks are equipped with sensors for pH, redox,
temperature, and conductivity, as well as a sensor for recording the hydrostatic pressure.

2.3. Membranes

Two thin-film composite polyamide nanofiltration membranes, NF99 and NF99HF
(© Alfa Laval Corporate AB, Glinde, Germany), which are specified in Table 1, were
characterized and compared during the preparative lab-tests.

Table 1. Membrane specifications.

NF99 NF99HF

Recommended Operating Conditions 1

pH value 3–9 (25 ◦C)
Temperature (◦C) 5–50

Pressure (bar) 15–35, max. 55

Specific Membrane Characteristics

MWCO (Da) 200
Water permeance (l m−2 h−1 bar−1) 10 (25 ◦C, 4–30 bar) 2 9–18 (25 ◦C, 18 bar) 3

22 ± 2 (25 ◦C, 15 bar) 4

1 [16], 2 [17], 3 [18], 4 [4].

Based on the lab tests, membrane NF99 in the form of a spiral wound membrane with
an active surface area of 7.047 m2 was used in the pilot plant. The microfiltration cycle is
equipped with 2 ceramic α-Al2O3 membranes from inopor®micro (Scheßlitz, Germany)
with a cut-off of 200 nm, 61 channels and an active membrane surface of 0.512 m2 each.
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2.4. Feed Solutions

For analyzing the membrane permeance and ion retention, various feed solutions
were considered, which are compiled in Table 2.

Table 2. Feed solutions.

Feed Description

DI Deionized Water

MTW Mine tap water, percolation, and fissure water collected and stored 80 m
above the pilot testing site, subject to natural fluctuations

PLSDI Synthetic pregnant leach solution based on DI
PLSMTW Synthetic pregnant leach solution based on MTW

PLS100 100% real pregnant leach solution, originating from the underground
leaching testing site, subject to natural fluctuations

PLS50 50 wt.% of PLS100 and 50 wt.% of PLSMTW
PLS25 25 wt.% of PLS100 and 75 wt.% of PLSMTW

For the lab experiments, deionized water (DI) and PLSDI (based on deionized water)
were used. The ion composition of PLSDI was set to mimic real PLS according to [4]
(see Table 3).

Table 3. Element composition of synthesized PLS.

Element Concentration
(mg·L−1) Manufacturer, Purity

Zn ZnSO4·H2O 2600 Alfa Aesar (Kandel, Germany)
Fe FeSO4·7 H2O 620 Acros Organics (Kandel, Germany), 99+%
Cu CuSO4 15 Sigma-Aldrich (St. Louis, MI, USA), ≥99.0%
In In2(SO4)3 1 Alfa Aesar (Kandel, Germany), 99.9%
Ge GeO2 1 Alfa Aesar (Kandel, Germany), 99.999%

Due to its availability, MTW (characterized by a large number of ions, particles, and
microorganisms) had to be used instead of DI, when upscaling the laboratory experiments
to pilot scale. In order to identify changes in membrane performance, PLSMTW was gradu-
ally supplemented with PLS100 to PLS25 and PLS50 during the pilot-scale experiments.
Essential characteristics of the used feed solutions can be found in Table 4.

Table 4. Essential feed solution characteristics.

pH Conductivity TOC Turbidity Elements

S Zn Fe Cu Ge In

(-) (mS cm−1) (mg L−1) (FNU) (mg L−1) (µg L−1)

PLSDI 2.0 ± 0.1 12.7 ± 0.1 <1 * 0 2350 ± 139 256 ± 78 643 ± 22 19 ± 1 900 ± 20 960 ± 30
PLSMTW 2.0 ± 0.1 8.9 ± 1.3 <1 * 3.5 ± 1.8 1504 ± 202 1859 ± 108 442 ± 32 11 ± 1 600 ± 100 600 ± 4
PLS100 2.1 ± 0.2 10.4 ± 1.9 4.0 ± 0.2 126.6 ±

10.6 2920 ± 75 727 ± 49 959 ± 76 22 ± 2 70 ± 30 40 ± 0
MTW 4.8 ± 0.1 1.9 ± 0.2 1.1 ± 0.2 3.7 ± 1.2 408 ± 51 90 ± 8 1 ± 0 1 ± 0 * *

* Below detection limit.

2.5. Membrane Characterization

The permeance

P =

.
VP

AM · ∆P
(1)

is the permeated volume flow
.

VP relative to the membrane surface area AM and pressure
difference ∆P between feed and permeate side of the membrane. The retention

Ri = 1 − cPi
cFi

(2)
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is calculated compound-specifically from the ratio between the concentration of the com-
pound i in the feed cFi and in the permeate cPi [19]. The recovery rate

RR =
VP
VF

(3)

is the ratio of feed volume VF to the accumulated permeate volume VP. The selectivity

Si,j =
1 − Ri
1 − Rj

(4)

describes the retention of a compound i relative to compound j.

2.6. Test Procedure

The laboratory experiments were performed for the membranes NF99 and NF99HF with
DI and PLSDI at different pressures (10–5–20 bar) and overflow velocities (0.5–1.25 m s−1) at
25 ◦C for at least three times with a set of two membranes each (see crossflow membrane
system design Figure 2). Consequently, the shown results, originating from a minimum of
six values, are calculated as mean values

x =
1
n

(
n

∑
i=1

xi

)
(5)

with n representing the number of measured values xi. Error bars will represent the
root-mean-square deviation σ of the results according to

σ =

√
∑n

i=1(xi − x)2

n − 1
(6)

Tests at the underground membrane pilot plant were carried out at least twice due
to the limited availability of real leaching solution (PLS100/PLS50/PLS25). The pressure
range for MF was 1 to 3 bars and for NF 7.5 to 20 bars with an overflow velocity of 1.1 m s−1.
Sampling was performed at an RR of 80% unless otherwise stated.

3. Results
3.1. Preparatory Lab Experiments

The essential aim of the laboratory experiments was to compare the NF99 membrane
to NF99HF, used in previous studies [4], with respect to their permeance and separation
behavior. Figure 5 compares the lab results for the permeance of these two membranes
for deionized water (DI) at different pressures (10–15–20 bar) and overflow velocities
(0.5–1.25 m s−1) at 25 ◦C. Furthermore, the permeance using PLSDI at selected process
conditions of 1.25 m s−1 and 15 bars is shown.

For both membranes, the resulting DI permeance decreases with increasing pressure
marginally at a fixed overflow velocity of 0.5 m s−1 or 1.25 m s−1, whereby all results are
in good agreement with the values published in [4] (NF99: 10 L m−2 h−1 bar−1; NF99HF:
9–18 L m−2 h−1 bar−1). For NF99, a drop in permeance of 12.1% at an overflow velocity
of 0.5 m s−1 from 10 to 20 bar and of 8.1% at an overflow velocity of 1.25 m s−1, also from
10 to 20 bar, can be found. For NF99HF, the permeance drops by 5.1% at 0.5 m s−1 and
2.5% at 1.25 m s−1 with increasing pressure from 10 to 20 bar. According to [20,21], the
permeance of DI should be independent of the transmembrane pressure. The cause of the
drop in permeance with increasing pressure could be due to compaction effects, although
all membranes have been conditioned at 15 bar [22].
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NF99HF consistently exhibits a higher DI permeance than NF99. As a consequence of
electrostatic interactions between the ions of the feed solution and the charged membrane
surface, a significant drop in permeance is observed for NF99 and NF99HF, from 36% to
58%, respectively, when replacing DI by PLSDI.

It can be noted that the root-mean-square deviation is generally lower for the NF99HF
than for NF99. Since both membranes have undergone exactly the same pre-treatment, it
can be concluded that the uniformity of the membrane surface for NF99HF might be higher
than NF99. Nevertheless, it should also be considered that due to the relatively small
membrane surface area, even the smallest process- and manufacturing-related changes in
membrane structure can have an effect on the resulting flux and permeance.

Additional consideration of ion-specific retention as a function of the recovery rate
(see Figure 6) reveals further differences between both tested membranes.
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For both membranes, ion-specific retention as a function of the recovery rate [%] shows
a slight upward trend, especially for sulfur (as sulfate) and germanium. For the multivalent
cations iron (Fe2+), zinc (Zn2+), and copper (Cu2+), the changes are minimal. For NF99
in particular, the cation retention is consistently above 98%. For NF99HF, only the cation
Cu2+ has an average retention below 96%. This may also be due to the specific hydrated
size, which, according to [23], is less than that of Zn2+ and Fe2+. The observed retention
behavior goes hand in hand with the statement made in [24], which indicated that NF99
has a higher selectivity towards multivalent cations compared to NF99HF.

Clearer differences are observed for sulfur and germanium. For germanium, in the
course of a selective separation between the target elements indium and germanium, it
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should be noted that NF99 shows an overall 5% lower retention to germanium than NF99HF.
With reference to [25], at pH 2, germanium exists exclusively as neutrally charged Ge(OH)4
in aqueous solutions. Therefore, it can be assumed that the retention is not caused by the
interaction of ionic charge with membrane surface charge, but by size exclusion. This leads
to the conclusion that the NF99HF membrane has a more “open structure” than the NF99,
which also results in the observed higher membrane permeance.

Based on the results of the ion-specific retention, NF99 was chosen for the pilot
studies, despite the higher permeance of NF99HF, since the selective separation of the
target elements and thus the permeate quality can be considered to be slightly higher for
this specific application.

3.2. Pilot-Scale Studies
3.2.1. Microfiltration

Comprehensive performance experiments for micro- and nanofiltration as a function
of feed solution, pressure, and overflow velocity has been carried out. The permeance
behavior for microfiltration is given in Figure 7.
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3 bar, 12 ◦C.

The results show that, depending on the pressure, high permeances can be realized
with small root-mean-square deviation. It is also evident that permeance decreases visibly
as the particulate content increases from PLS25 to PLS100. Compared with MTW, the per-
meance of PLS100 is 66.1% lower at 3 bar, despite periodic back flushing. The main causes
are seen in filter cake formation and fouling effects, which both increase the permeance
resistance. Irreversible fouling can neither be removed by back-washing nor by chemical
cleaning [26]. The filtration of MTW already shows a clear decrease in permeance as a
result of fouling effects, which are further intensified by the decreasing overflow velocity
with increasing pressure (see: Materials and Set Up—Pilot Scale).

However, despite the permeance decrease, the permeate quality remains constant
as measured by the turbidity (FNU—Formazin Nephelometric Units) with a reduction
between the feed and permeate by an average of 80.1% for MTW and ≥98.8% for PLS25,
PLS50, and PLS100, resulting in a permeate FNU ≤ 1.

3.2.2. Nanofiltration

The results of the NF performance experiments using the underground membrane
pilot plant are shown in Figure 8 as a function of the feed solution and pressure at an
overflow velocity of 1.1 m s−1 and a recovery rate of 80%. Since the temperature of the feed
solution is not adjustable at the on-site pilot plant membrane system, the temperatures are
shown as well.
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Regarding nanofiltration, a decrease in permeance is observed as a result of increasing
the system pressure. The ions present in the feed solution generate transport resistances
due to their interaction with the membrane surface. These are increased with increasing
pressure due to the reduction in thickness of the boundary layer and thus increase in the
ion concentration directly above the membrane surface [27,28]. Furthermore, based on the
conductivity, there is an increase in ion concentration from MTW to PLSMTW/PLS25/PLS50
by a factor of about 4.5, as shown in Table 4. The higher the pressure, the greater the
influence of the osmotic pressure, which results in a reduction in permeance. This phe-
nomenon is also observed and discussed by [29–33]. Moreover, at high pressures, the effects
of concentration polarization, reversible and irreversible fouling, and diffusive transport
back into the feed bulk becomes more important [34]. It can be also observed that the
proportions of the solution composition of PLSMTW and PLS50 has no significant effect on
permeance (cf. blue framed: PLSMTW–PLS25–PLS50 at 10 bar). The effects resulting from
the variation in solution composition are determined by the change in ion composition
and depend on the quality of the microfiltration. ICP-MS analyses showed that the ion
composition changes only slightly by adding PLS100 to PLSMTW; the main components and
concentration ratios of, e.g., Zn, Cu, Fe, Na, and S, remain relatively stable. Consequently,
the constant in permeance for PLSMTW, PLS25, and PLS50 also reflects the consistently high
quality of the microfiltration as a pretreatment step for the nanofiltration stage. Otherwise,
a permeance drop due to fouling effects would be expected, especially for PLS50, because
of the higher particulate feed-load.

In addition to the permeance tests, the retention of characteristic elements for PLSMTW,
PLS25, and PLS50 at different pressures and a fixed overflow velocity of 1.1 m s−1 was
investigated. The results are shown comparatively with the results from the laboratory test
(PLSDI) in Figure 9.

In the laboratory studies (PLSDI), an average retention of 28% was determined for
Ge, whereas the multivalent cations Fe2+, Cu2+, Zn2+, and In3+ remained almost 100% in
the retentate. For the on-site application (PLSMTW), a lower overall retention could be
observed. Furthermore, an increased root-mean-square deviation is noticeable as well as
a decreasing retention depending on the pressure. One reason for this effect is based on
the test configuration. The results of the PLSMTW came from a total of four test blocks with
intermediary cleaning cycles with nanofiltrated MTW at low pressures and high overflow
velocities. By observing the course of ion retention within each test block, a general decrease
is notable. Cleaning between the test blocks achieves a certain increase in retention but
does not compensate for the overall downward trend. Therefore, fouling and scaling on
the membrane surface can be assumed, leading to shielding effects due to the increase in
salt concentration on the membrane surface and to a decrease in membrane repulsion. The
authors of [35] came to the same conclusion within concentration-dependent performance
tests for NF membranes. To ensure a more constant process performance, cleaning cycles
with citric acid and caustic soda were implemented between each test block for PLS25 and
PLS50. The results shown in Figure 9 indicate a more constant retention behavior, especially
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for the cations, with a slight upward trend due to increasing pressure. Furthermore, there
is a positive influence on the selectivity with respect to indium and germanium, which
was the highest at the lowest pressure (blue framed). The authors of [31] also observed
an overall increase in ion retention with increasing pressure up to 15 bar using NF for
copper AMD (acid mine drainage) filtration. Above 15 bars, the retention decreased again,
probably due to the increased driving force for ion flow by an increase in concentration
polarization. Similar results have been obtained in [34].
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4. Conclusions

The laboratory experiments comparing the NF99 and NF99HF with respect to the aim
of selective separation of indium and germanium from bioleaching solutions showed, for
NF99, a higher selectivity, although the permeance was lower. In contrast to NF99HF, the
permeance of NF99 decreased by 36% with increasing ionic concentration and complexity
(from DI to PLSDI), whereas a decrease of 58% was observed for NF99HF. As a result, NF99
was chosen for the upscale of the laboratory experiments to pilot scale.

The pilot-scale experiments were carried out at a hybrid membrane plant installed
147 m underground, which serves as a first treatment step for in-situ-derived bioleaching
solutions. Depending on the feed solution and the particulate and microbiological load,
microfiltration showed a drop in permeance of up to 66% from MTW to PLS100 under
same process conditions (3 bar, 12 ◦C). Despite the drop in permeance, the permeate
quality was consistently high (<1 FNU). For nanofiltration, comprehensive tests under
varying process conditions (pressure: 7.5–20 bars; overflow velocity: 0.5–1.1 m s−1) and for
different feed solutions (MTW, PLSMTW, PLS25, PLS50) were carried out. No significant
decrease in permeance from PLSMTW to PLS25 to PLS50 could be detected, which also
indicates the constant high quality of pre-treatment by microfiltration. Compared to the
laboratory-scale experiments (PLSDI), the ion retention of PLSMTW, PLS25, and PLS50
also showed comparable performance. The best selectivity of 11 between indium and
germanium was at low pressures (7.5 bar) and the maximum overflow velocity (1.1 m s−1)
for PLS50 and increased compared to the laboratory experiments (PLSDI). Overall, the
laboratory experiments were successfully transferred to pilot scale (TRL6). Furthermore,
the underground-installed hybrid membrane system is characterized by its functionality
and long-term stability.
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With reference to economic aspects, membrane technology shows a clear energy ad-
vantage over other processes. For example, in seawater desalination, membrane technology
is dominating almost completely in the field of newly constructed facilities. Compared to
standard thermal processes, the total electrical energy equivalent is only around 30–50%. Of
course, this cannot be transferred directly to the recovery of strategic elements, wherein the
extraction processes or ion exchange are efficiently working state-of-the-art technologies. In
contrast to membrane technology, these technologies involve large quantities of chemicals.
Furthermore, current membrane systems have long endurance in terms of stability and
separation quality and energy consumption can be further reduced by incorporating energy
recovering systems. Especially in fluid systems with very large concentration differences
(such as in the present system), it must be emphasized that the step towards sustainable
downstream processing can be achieved through a hybrid interconnection of the various
separation processes. For final economic evaluation of membrane processes for strategic
element recovery, further long-term studies must be carried out [36,37].
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