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Harnessing germanium from industrial residues
and electronic waste for a sustainable energy
future

Rajiv Ranjan Srivastava®® and Sadia Ilyas (2 ¥

Traditionally, germanium has been a critical dopant in the silica core of fiber optics, facilitating high-speed
internet and data transfer, and functions as a semiconductor in N-type diodes. Over the past decade, its
importance has greatly expanded to multi-junction solar cells, where it serves as a substrate, providing a
foundation for other semiconductor layers. Despite rising demands from renewable energy and semi-
conductor industries, germanium has no primary ores and is found only as a companion element with
others. It is primarily sourced as a by-product from industrial residues like zinc refinery residues (ZRR) and
coal burnt fly-ash (CFA), with concentrations ranging between 0.04-0.5% and 0.05-1.7%, respectively.
Given the scarcity of germanium, its recovery through recycling of electronic waste is also gaining inter-
est. However, the recovery process from both primary and secondary sources is complex, involving
several key steps to ensure efficient extraction. Therefore, a comprehensive understanding of these pro-
cesses, along with thermodynamic strategies applied to different materials, is essential. Consequently, this
review covers germanium recovery from major primary and secondary resources, involving leaching,
solvent extraction, ion exchange, and precipitation methods, with a focus on the underlying thermo-
dynamics. Additionally, the environmental impacts of different extraction schemes are assessed using life-
cycle analysis, revealing the global warming potential (GWP) of 852 kg CO,-eq for ZRR and 698 kg CO,-
eq for CFA. In contrast, recycled germanium exhibits a much lower GWP of 163 kg CO,-eq, highlighting
the importance of recycling efforts in advancing Sustainable Development Goals 7, 12, and 13.

1. We explore the resource recovery of germanium, a critical raw material essential for sustainable energy technologies such as solar cells and semi-

conductors. The focus is on processing the industrial residues from zinc refineries, coal-fired power plants, and electronic waste. The study therefore aligns
with the United Nations Sustainable Development Goals 7 (affordable and clean energy), 12 (responsible consumption and production), and 13 (climate

action).

2. The strategies presented for efficient germanium recovery from by-products and waste materials align with green chemistry principles by reducing depen-
dency on primary resources and minimizing environmental impacts. Key advancements in mass transfer techniques—solid-liquid, liquid-liquid, and liquid-
solid—are also discussed within this context. Moreover, a comparative life-cycle assessment demonstrates that recycling electronic waste significantly reduces

environmental burdens, with a notable decrease in global warming potential to 163 kg CO,-equivalent.
3. A detailed long-term sustainability model for germanium supply is discussed along with the static flows and stocks of germanium, emphasizing improved
recycling practices to ensure a reliable supply for renewable energy applications. This model supports the transition to a low-carbon economy by promoting

resource efficiency and circularity of critical raw materials.

1. Introduction

Germanium (Ge), which belongs to Group IVA in the periodic
table, is an important semimetal or metalloid that exhibits both

“Process Metallurgy, Minerals and Metallurgical Engineering Division, Department metallic and non-metallic properties.1’2 Due to the intrinsic pro-
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Although silicon has largely replaced germanium in electronics,
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its higher refractive index (i.e., 4.0026 at 11 pm), coupled with
excellent long wavelength transmission in the infrared
(18-23 um) and high resistivity (2.3 x 10° Q cm), has led to major
applications (as GeCl,) in optical fibers and wide-angle lenses for
cameras and microscopes.”® The wide array of germanium
usages is illustrated in Fig. 1a, while Table 1 highlights its key
roles in advanced renewable energy applications.

Germanium is a key enabler of sustainable energy techno-
logies, both as a performance-enhancing dopant and as a func-
tional material in high-efficiency energy systems. One of the most
prominent applications is in multi-junction photovoltaic (PV)
cells,”™ in particular the PV cells used in space-based solar
power systems and terrestrial concentrator photovoltaics, where it
often serves as the bottom substrate layer due to its compatible
lattice constant and superior electron mobility."""** These
advanced PVs can achieve conversion efficiencies exceeding 40%,
far surpassing traditional silicon-based panels, and are central to
the long-term adoption of high-efficiency, low-emission renew-
able energy technologies.” " Additionally, germanium’s role is
also rapidly expanding in thin-film PV technologies, especially in
amorphous silicon-germanium (a-SiGe) tandem cells, offering
flexible, light weight, and cost-effective alternatives for portable
energy systems.'>'*

In the field of energy-efficient communication infrastruc-
a core constituent of fiber-optic

ture, germanium is
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technologies.”™® Its most commercially significant derivative,
germanium tetrachloride (GeCl,), is used in doping silica to
form the refractive core of optical fibers. These fibers enable
the high-speed transmission of data with minimal loss,
forming the backbone of modern internet and telecommunica-
tion networks. The growth in the integration of smart grids,
decentralized renewable energy systems, and remote digital
control platforms further accelerates demand for such infra-
structure. With the global expansion of data centers, 5G net-
works, and the Internet of Things (IoT), the consumption of
optical fibers and consequently GeCl, is projected to increase
nearly eightfold by 2030."> Thus, germanium plays an indirect
yet essential role in improving energy efficiency through next-
generation communication technologies.

Despite this wide array of applications, germanium faces a
profound and worsening supply-demand imbalance, driven by
increasing consumption in both traditional and emerging
technologies. Germanium’s average crustal abundance is only
1.3 to 1.6 ppm,'® making it one of the rarer technological
elements. It is almost absent in independent mineral depos-
its,"” and it mainly co-exists with zinc sulfide ore (i.e., sphaler-
ite),"® which accounts for about 1/3™ of the global recoverable
quantity of germanium (i.e., ~38 kt)."> Currently, about 100 t
per annum of germanium is sourced from refining residues,*
while the remaining demand is met by coal fly ash with a
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[a] Representation of germanium'’s key role in major sectors. [b] Fraction of scientific literature discussing Ge extraction using pyrometallurgi-

Table 1 Overview of application areas where Ge plays a crucial role in advancing renewable and sustainable energy solutions

Application in renewable energy

Description of the key role of germanium

Photovoltaic (PV) cells

Germanium is a crucial material in the development of high-efficiency PV (solar) cells. It is commonly

used as the base substrate, which is more efficient than traditional silicon-based cells. These advanced
solar cells are particularly important in space applications and for concentrated solar power systems.

Multi-junction solar cells

In addition to its use in single-junction PV cells, germanium is widely used in multi-junction solar

cells, which can convert sunlight into electricity more efficiently by stacking multiple layers of different
materials, each optimized to absorb different wavelengths of light. This technology is essential in
reaching high efficiency levels needed for sustainable energy generation, particularly in solar power.

Light emitting diodes (LEDs) and
optoelectronics

Germanium is used in optoelectronic devices such as LEDs, lasers, and photodetectors, which are
important components in various renewable energy systems, such as solar energy harvesters and light-

based communication systems. LEDs are energy-efficient lighting solutions that reduce electricity
consumption, making them a sustainable alternative to traditional incandescent and fluorescent bulbs.
Furthermore, the use of germanium in optoelectronics helps improve energy efficiency in electronic
devices, which is crucial for overall energy conservation.

Energy-efficient electronics

Germanium is also employed in the electronics used in renewable energy systems. For example, in

devices that regulate the flow of electricity from renewable sources (like wind turbines and solar panels),
Ge-based semiconductors can improve the energy efficiency and performance of these systems. Low
power consumption and high speed make them ideal for smart grids, energy management, and other
sustainable energy applications.

Carbon footprint reduction

Although germanium extraction can have environmental impacts, its role in improving the efficiency of

renewable energy technologies indirectly contributes to reducing the carbon footprint. More efficient
solar panels, LEDs, and electronics that use germanium require less material and energy to operate,
reducing the overall environmental impact compared to less efficient technologies.

small contribution derived from the recycling of waste
materials.>! Additionally, germanium reserves are also geopoli-
tically concentrated, creating vulnerabilities in international
supply chains. China alone holds 41% of global germanium
reserves, while Russia controls nearly 10% of the world’s
reserves. In contrast, Europe has virtually no significant dom-
estic reserves and is heavily reliant on imports. This limited
supply, coupled with a low recycling rate, results in the
growing disparity between supply and demand due to the
current supply risk of 8.1 out of 10." Consequently, germanium
has been designated as a critical metal by both the United
States, which lists it among 50 essential commodities,** and
the European Union’s new list of 34 critical raw minerals.>® In

14746 | Green Chem., 2025, 27,14744-14768

response, the European Critical Raw Materials Act has set a
2030 target that at least 15% of the EU’s annual germanium
consumption be met through domestic recycling, a consider-
able increase from the current 2% recycling level >*>°

Against this backdrop of rising demand and constrained
supply, efforts to enhance germanium recovery from both
industrial residues and electronic waste have become increas-
ingly important. Currently, the extraction of germanium is per-
formed using both pyrometallurgical and hydrometallurgical
techniques.?® The pyrometallurgical operations rely on differ-
ences in boiling points and typically involve processes like
smelting, sintering, and high-temperature gas-phase
reactions.””?° Hydrometallurgical techniques, on the other

This journal is © The Royal Society of Chemistry 2025
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hand, depend on factors such as metal solubility, ionic radius,
charge density, reduction potential, and favorable pH. In
hydrometallurgical extraction, Ge-bearing materials are often
subjected to leaching with mineral acids or alkaline solutions.
Subsequently, to isolate germanium from the complex multi-
metal-leached solutions, various separation steps are employed,
such as tannin precipitation,®® ferric hydroxide precipitation,
organic  precipitation,®® ion exchange,”® and solvent
extraction.>3® Fig. 1b presents a bibliometric analysis of
research over the past two decades, clearly indicating a shift
from pyrometallurgical to hydrometallurgical approaches.
Despite this transition, volatilization studies remain prominent,
as this step, though technically challenging, is often essential
for mobilizing germanium from industrial residues, enabling
subsequent hydrometallurgical processing. The decline in roast-
ing-related research can be attributed to the established zinc
extraction processes, where zinc is the primary target and Ge is
a secondary by-product. In contrast, the growth in hydrometal-
lurgical studies is largely driven by its lower energy require-
ments, reduced CO, and SO, emissions, and its effectiveness for
low-grade and polymetallic feedstocks, where Ge often occurs in
trace amounts. Recent advances in separation and purification
technologies, such as solvent extraction, have further increased
interest in hydrometallurgy. The notable surge in hydrometallur-
gical research post-2015 coincides with the Paris Climate
Agreement, highlighting a broader move towards more sustain-
able extraction technologies.

Although germanium is typically recovered in small quan-
tities, it remains critical and irreplaceable in a range of
cutting-edge technologies, including fiber optics, solar cells,
and semiconductors.’” Therefore, a comprehensive under-
standing of Ge-extraction processes is crucial, not only to
enhance the efficiency of current recovery methods but also to
unlock newly identified resource streams like marine ore
crusts in the Sea of Japan (up to 96 ppm Ge)*® and coal seams
in the Donetsk Basin (up to 63 ppm Ge).>° Despite growing
interest, recent review articles fall short of providing a holistic
perspective on germanium extraction, often due to their
reginal focus,'>'® limited descriptive discussion of leaching
processes,*® inaccuracies in solution chemistry,">***! insuffi-
cient coverage of extraction thermodynamics,** and limited
attention to coal-based resources.’® Henceforth, this review
aims to fill these gaps by providing a detailed exploration of all
aspects of germanium harnessing. Furthermore, it includes a
vital discussion on environmental impacts of extraction
methods, with life-cycle assessments (LCA) and economic ana-
lyses of processes, involving zinc refinery residues (ZRR), coal
burning residue (CBR), and electronic (e-)waste.

The review begins by addressing the thermodynamic chal-
lenges associated with Ge extraction, including thermal behav-
ior, phase stability of its compounds, aqueous speciation, and
dissolution properties. These are critical factors for under-
standing the chemical behavior of germanium. Building on
this foundation, the review then explores extraction and recov-
ery methods across diverse feedstocks, alongside separation
techniques such as solvent and solid-phase extraction. Moving

This journal is © The Royal Society of Chemistry 2025
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from process-level considerations to system-level implications,
the review evaluates the environmental and energy perform-
ance through LCA. This serves as a basis for developing long-
term sustainability models that incorporate circular economy
principles and recycling of waste materials. Furthermore, the
key findings are summarized, and future research directions
are proposed based on the insights gained throughout this
review. Overall, this review is framed within the broader
context of the United Nations Sustainable Development Goals
(UN-SDGs).** Specifically, these are: Goal 7, which focuses on
enhancing energy efficiency; Goal 12, which focuses on respon-
sible use and circular material flows with waste minimization;
and Goal 13, which promotes mitigation of environmental
impacts through sustainable resource management. By inte-
grating technological, environmental, and economic perspec-
tives, this review highlights the essential role of urban mining
and recycling innovations in advancing both resource resili-
ence and climate objectives.

2. Thermodynamic challenges and
considerations in germanium
extraction

The thermodynamic behavior of germanium and its compounds
plays a central role in determining the efficiency, selectivity, and
environmental sustainability of extraction processes. Therefore,
the key thermodynamic factors governing Ge extraction from
major industrial residues, with particular attention given to vola-
tility, phase transformations, solubility, and aqueous speciation,
are discussed with the aim to identify areas where optimization
could significantly enhance process efficiency.

2.1. Ge-migration from sphalerite mineral

In naturally occurring zinc-bearing ores (mainly sphalerite), Ge
primarily occurs in trace amounts as a companion metal. The
sphalerite is typically subjected to roasting at 800-850 °C to
convert ZnS — ZnO prior to neutral leaching in diluted sulfuric
acid. Germanium, being a thiophilic element, has a strong
affinity toward sulfur and tends to form sulfides such as GeS
and GeS,. However, the Ge-S phase diagram (Fig. 2a) indicates
that at this temperature, the probability of GeS, remaining in
the roasted mass is negligible. It neither liquefies nor persists
in the roasted residue,”” suggesting that most of the germa-
nium either remains in a solid oxidized form (i.e., GeO,) or
volatilizes partially as GeO(y), depending on redox conditions.
This reveals the need for improved control of oxygen avail-
ability during the roasting process.

2.2. Thermal evolution and Ge migration in coal combustion

In contrast to sphalerite, only 1% of the total germanium
mined with coal can be transformed into refined product.*®
The combustion of coal presents a more complex thermo-
dynamic environment for germanium behavior. Germanium
in lignite is often bound to organic matter via strong Ge-O

Green Chem., 2025, 27,14744-14768 | 14747
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Fig. 2 Phase diagrams of germanium in the presence of [a] sulfur and [b] CO at different temperatures. [c] Mechanism of germanium migration and
evolution during pyrolysis of Ge-containing lignite coal samples from Inner Mongolia coal deposits (with 197 ppm Ge). [d] Diagrams showing the
transformation and condensation enrichment mechanism of different germanium species (adapted from ref. 53 with permission from Elsevier, Sep.
Purif. Technol., 2025, 354, 128915, Copyright 2025). [e] Pressure versus temperature diagram, showing the stability of hexagonal and tetragonal
GeO, (reproduced from ref. 57 published under open license with J-STAGE, Journal of the Mass Spectrometry Society of Japan, 1981, 29(3),
249-255). [f] Distribution fraction of Ge species in aqueous solution as a function of pH, while total Ge concentration = 10 mmol at standard temp-
erature (25 °C) and pressure (1 atmosphere).

interactions, such as those in humic acid complexes. A density mely stable associations that resist volatilization under mild
functional theory (DFT) study has disclosed a large adsorption thermal conditions and thus promotes germanium enrich-
energy value of up to -8511.43 k] mol™".*” This indicates extre- ment in combustion by-products like fly ash.*®*°
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Consequently, the concentration of Ge and its extraction
efficiency greatly depend on the combustion temperature and
atmosphere.’® As can be seen from Fig. 2b, under conditions
of sufficient oxygen and at a lower temperature (i.e., <927 °C),
a non-volatile compound GeO, forms in the cinder.>® As the
environment becomes more reductive, indicated by the
increasing CO% in the system, metallic germanium tends to
form, which is also non-volatile. However, at temperatures
higher than 927 °C under a strongly reductive atmosphere,
volatile GeO are generated via gasification that subsequently
collecting enriched germanium as GeO, in the fly ash, as the
system cools down. In contrast, coal fly ash generated via an
integrated gasification combined cycle (IGCC) process con-
tains a mixture of GeS,, GeO, and GeO, due to exposure to lib-
erated sulfur species.”’** Fig. 2c illustrates a three-step mecha-
nism for germanium migration and evolution during lignite
pyrolysis under a nitrogen atmosphere.>® Notably, the energy
input during coal burning plays a vital role in germanium
recovery, with only ~60% retained in the fly ash.>*

2.3. Phase stability and polymorphism of GeO,

From the above discussion, it is evident that the oxidized com-
pound, GeO,, is the principal intermediate for metallurgical
extraction of germanium. GeO, exhibits polymorphism with
three major forms: tetragonal, hexagonal, and amorphous.’’
Each of them exhibits distinct solution chemistry properties
that remain not fully understood.*”*'  Specifically,
GeOs(amorphous) fOrms at ambient pressure as a network of
GeOy(tetrahedra). ON the other hand, GeOyetragonar) has a rutile
structure (space group, P4,/mnm) that is stable between 0 and
1035 °C, while GeO,(nexagonal) has an a-quartz structure (space
group, P3,21) that is stable from 1035 to 1115 °C, with stability
also influenced by partial pressure (Fig. 2¢).”®*” The GeO, and

H<1.5
Ge'", Ge(OH)**, Ge(OH),*", Ge(OH),* "=~ Ge(OH),

GeO released from the pyrolysis of lignite is reduced to GeO,
GeS, and Ge®, under the action of a reducing atmosphere such
as CO, CHy, H,, and H,S (Fig. 2d). Furthermore, the transition
from the hexagonal to the thermodynamically stable tetragonal
phase is kinetically hindered by a significant energy barrier,
resulting in incomplete transformation under normal con-
ditions. In this context, the enthalpies of GeO, vaporization
determined by second- and third-law calculations greatly differ
with the change in polymorphism between hexagonal and
tetragonal (Fig. 2e). This phase transition can be facilitated by
catalytic annealing and the application of high pressure.””

2.4. Solubility and dissolution thermodynamics of GeO,

Haghighi and Irannajad™ reported that GeOs(etragonal) IS @
water-insoluble compound, which is partially true. The solubi-
lity of GeO,(tetragonal) Varies in the range of 0.7 mg L 'to16g
L' with respect to temperature changes between 25 °C and
350 °C.”® In this context, different dissociation constant values
(i.e., PK.GeOy(tetragonal) = 4.37 and 5.34)>>°° have been

This journal is © The Royal Society of Chemistry 2025
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reported, which significantly varies with pKy-GeOjnexagonar) =
1.32,°" 1.37,°° and 1.42.° Additionally, the solubility of
GeO;(hexagonal) aNd GeOsamorphous) Nas been reported as 4.53 g
L' at 25 °C and 5.18 g L™" at 30 °C, respectively.’® The equili-
brium of GeO, in water can be expressed by eqn (1),*® with
solubility increasing as the temperature (7, in Kelvin) rises, as
governed by eqn (2) and (3):**

GeO, + H,0 < Ge(OH), log K =-5.02 + 013 (1)

644.6
lOg K(hexagonal GeO,) — 0.8114 — T (2)

1975.2

3)

log Ktetragonal Geo,) = 1.5276 —

Furthermore, the dissociation of Ge(OH), into anionic
species can be given as follows:

Ge(OH), < GeO(OH),” + H" pK, =9.32 (4)

GeO(OH),” < GeO,(OH),*” + HT pK,, =12.5 (5)

Conversely, the cationic species of germanium are expected
to occur in highly acidic solutions of concentration above
4 mol L™.%° The accuracy of stability values for these cationic
species is debatable;'”** however, Marchon et al.®® proposed a
speciation diagram by considering Ge*" with reference to the
values reported by Nazarenko,”” as shown in Fig. 2f.
Subsequently, studies using advanced analytical instruments
have rejected the presence of charged hydroxide species above a
pH value of 0.3,°®°® and therefore, within the pH range of 1.0 to
8.0, the major species is Ge(OH),, which transitions to anionic
species of GeO(OH);~ (or, H;GeO, ) and GeO,(OH),>~ (or,
H,GeO,>") within the alkaline pH range. Thus, the formation of
Ge species as a function of pH can be summarized as follows:

pH=1.5t09.3 _ pH=9.3to12.5
— —

GeO(OH), GeO,(OH),>~ (6)

The transition between these species governs the selection
of extractants and precipitation agents, or determines the ion-
exchange conditions during metallurgical processing.
Furthermore, under specific media, germanium forms unique
coordination complexes, such as H,GeFg in concentrated HF
(240%),*® GeCl, in concentrated HCI (>8.0 mol L™"),”® and Ge
(OH),(0x),>” in oxalic acid (pH 1.0-6.0).® Understanding the
thermodynamic conditions under which these complexes are
formed is essential for selective leaching and solvent extraction
strategies, especially under green chemistry frameworks where
organic acids or halide-free systems are preferred.

3. Germanium recovery from
different sources
3.1. Aqueous-based processing of Ge-bearing materials

3.1.1. Leaching of zinc refinery residues (ZRR). As a major
source of germanium (0.04-0.5 wt%), zinc refinery residues

Green Chem., 2025, 27,14744-14768 | 14749
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Illustration of different processing flow diagrams for germanium extraction from industrial residues of [a] zinc plant mainly through sphalerite

ore and [b] coal-burnt fly ash, and [c] via recycling by urban mining end-of-life materials (modified from ref. 26 with permission from Elsevier, J.

Clean. Prod., 2021, 294, 126217, Copyright 2021).

(obtained through different routes of zinc extraction processes
as shown in Fig. 3a) have been processed to recover germa-
nium as a by-product of zinc processing by dissolving them in
hot H,SO, solution along with zinc, copper, and iron. At a
lower temperature of 60 °C, Ge*" can be selectively leached
over copper although the maximum efficacy was found to be
less than 80%.”" Although zinc and iron were separated
easily using cementation, precipitation, and solvent extraction
techniques, the co-dissolution of SiO, in H,SO, solution to
form colloidal silica and silica gel is observed to be a major
issue that inhibits the leaching yield by affecting solid-liquid
interactions. The filtration rate of the leached slurry is slowed
and germanium entrapped within the silica gel is lost.”*> The
leaching reaction under acidic conditions can be written as
follows:

GeO, + SIOZ + 2H,S04 — Ge(SO4)2 + SIOZ . HZO(polymerized)
(7)

When the ZRR contains 10% SiO,, only 57% of the germa-
nium is leached with hot H,SO,.”* To overcome this issue, it
has been reported that HF leaching dissolves silica to freely

14750 | Green Chem., 2025, 27,14744-14768

mobilize germanium into the solution.”*”* Silica-gel for-
mation can be controlled by pressure leaching. Jiang et al.”®
reported a 10% improvement in leaching yield of germanium
(efficiency 99.7%) in comparison with that of ambient leaching
(efficiency 89.5%) when secondary ZnO was subjected to a
pressure oxidative leaching process. These reports clearly
showed that germanium dispersed in different minerals like
wurtzite and galena could be liberated through breaking the
mineral sulfide structure by pressure oxidation, which is not
possible during ambient leaching without introducing a
highly oxidative environment. However, loss of Ge cannot be
due to its hydrolytic precipitation along with iron and co-
adsorption onto the precipitate surface.®® In alternative
approaches, additives like Ca(NO3),, H,0,, NaClO, and MnO,

77,78 reveal-

have been introduced into the Ge-recovery system,
ing the effectiveness of nitrate in enhancing germanium leach-
ing while calcium in sulfate solutions forms columnar gypsum
that led to smooth filtration.”” The leaching of germanium via
chlorination with HCI has also been explored where silica is
controlled in the leached solution, which subsequently under-
goes distillation and captures GeCl, of low boiling point (i.e.,

83.1 °C),”® although simultaneous hydrolysis of GeCl, takes

This journal is © The Royal Society of Chemistry 2025
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place to revert germanium to its GeO, form at low acid concen-
tration and low temperature. The reactions can be understood
as follows.”®

In the presence of concentrated HCI:

GeO, + 4HCI] — GCCL; + 2H,0 (8)
In the presence of diluted HCI at 0 °C:
GeCl, + 2H,0 — GeO, + 4HCI (9)

The HCI concentration is generally greater than 7.8 mol L™"
(preferably concentrated HCl is used), below which chlori-
nation may not be completed, whereas a H,0: GeCl, ratio of
1:3 has been suggested to inhibit the formation of Ge(OH),.”®
The purified GeO, that is obtained via eqn (9) is then sub-
jected to hydrogen reduction at 650 °C for 5-8 h to metallize
germanium through eqn (10) and (11), during which Ge can
be melted by raising the temperature to 1000 °C to recover O,-
free Ge metal; however, the process requires re-melting,
casting and zone-refining to yield highly pure semiconductor
grade germanium (i.e., element of 6 N purity):*

GeOZ + H2 — GeO + H20 (10)

GeO + H, — Ge’ + H,0 (11)

Due to the disadvantages of low efficiency, prolonged pro-
cessing, and high cost associated with the equipment for con-
verting GeO, — Ge°, direct H, reduction of GeCl, has been
explored by following eqn (12), although this is also a very
complex system. Vorotyntsev et al.®" and Kadomtseva et al.®?
have shown that the adsorption of H, molecules by GeCl,
vapor is followed by the formation of Ge® with a lower acti-
vation energy (35 kJ mol™") in the presence of a W-based cata-
lyst when compared with the uncatalyzed reaction (48 kJ
mol").*® On the other hand, Kornev et al.®* showed that the
temperature greatly influences the reduction process when
using a plasma-chemical reduction method. As can be seen
from Fig. 4a, at a H,/GeCl, ratio of 15, the condensed Ge is
formed within the range of 1250-1500 K, while the compounds
GeHCl;, GeH,Cl,, and GeH;Cl form within the range of
300-1580 K, 500-1580 K, and 760-1500 K, respectively:

GeCly + H, — Ge® + 4HCl (12)

Besides the use of mineral acids, organic acid has also been
employed for Ge leaching, yielding 98.8% germanium in the
leach liquor by using 110 ¢ L™ H,C,0, at 40 °C,**> and ~93%
germanium using 100 g L™" tartaric acid at a higher tempera-
ture of 80 °C.%° Improved leaching efficiency is achieved with
oxalic acid and can be expressed as:®’

GeO, + 2HC,0,~ — [Ge(OH),(C,04),]*” (13)

The addition of H,0, (0.12 mol L™') has also been
suggested for efficiently dissolving insoluble Ge species like
Ge®, GeS,, and GeS that somehow could not be oxidized prop-
erly during the roasting process of ZnS ore. The improved

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 [a] Equilibrium mole fractions of reaction products as a function
of temperature for the ratio of GeCly/H; = 15, with a plasma pressure of
760 Torr (adapted from ref. 84 published under open use license with
MDPI, Sci., 2024, 6(1), 1). [b] Thermogravimetric analysis curve for the
reduction of Ge-bearing lignite coal, and [c] effect of roasting on Ge vol-
atilization under the operating conditions of temperature, 1100 °C; air
flow rate, 0.7 L min~%; heating rate, 8 °C min~%; and holding time,
180 min (adapted from ref. 99 published under open use license with
MDPI, Materials, 2023, 16(15), 5374).

leaching yield of Ge can be highlighted through the following
exothermic reactions:®®

GeS, + 8H,0, — GeO, + 250,>~ + 4H' + 6H,0 (14)

Ge + 2H,0, — GeO, + 2H,0 (15)
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GeS + 4H,0, — GeO + SO,>~ + 2H"' + 3H,0 (16)

Iron leached into the oxalate solution can be quantitatively
assessed by introducing an ultrasound-assisted iron powder re-
placement, which also reduces the loss of germanium by co-
precipitation through optimizing the Fe[total]/Fe(ur) mole ratio
value at 6. In comparison with the oxalate precipitation
wherein germanium losses occur due to co-precipitation/occlu-
sion,®® the beneficial application of the ultrasound-assisted
technique can be ascribed to the negative pressure created by
ultrasonic cavitation in the liquid. This subsequently disrupts
the liquid by producing many bubbles and generates shear
forces that break the occluded particles to liberate the
entrapped Ge. The reaction occurs as follows:

ultrasound
_—

21’76(02()4)+ + Fe + C20427 + 2H20 SFCCZO4 . Hzo

(17)

The use of ultrasonic-assisted pickling has also been
suggested for the removal of zinc, iron, magnesium, and
arsenic impurities from the Ge-tannin residue under con-
ditions of 0.2 mol L™" H,SO,, pulp density 30%, pickling time
30 min, and temperature 40 °C.*° It was observed that an
increase in acid concentration tends to result in loss of Ge,
whereas the pickling behavior attributed to cavitation effects
can destroy the packaging of particles and increase the contact
area of solid-liquid interactions. In general, the use of ultra-
sonic-assisted leaching showed an improved leaching yield for
Ge of about 3-5% compared with regular leaching (without
ultrasonication).®®

The formation of a refractory ferrite (ZnFe,O,) mineral
phase has been commonly observed in zinc roasting, which
hinders the leaching yield of germanium entrapped therein.
To deal with these types of residues, two-step sulfuric acid
leaching can be applied, first to leach out 92% zinc and
second to leach out 94% copper, which yields a 300% enrich-
ment of germanium in the residue.®® The subsequent leaching
of the Ge-bearing residue in 70 g L™ oxalic acid at 90 °C
yielded 99% germanium in the leach liquor. In another study
by Rao et al.,* the acid-treated residue was leached in 1.0 mol
L™" NaOH at a pulp density of 5%, temperature of 80 °C, and
time of 4 h, yielding ~90% germanium although 33% lead and
~70% silicon were present in the leach liquor as well. Alkali
leaching of germanium can be expressed as follows:

GeO, + 2NaOH — Na,GeO3; + H,O (18)

An inability to control the co-dissolution of metals at a
higher concentration clearly indicates the superiority of
H,S0,-H,C,0, leaching systems, wherein <2% of silicon dis-
solution occurs.*®

3.1.2. Leaching of coal-based resources (CBR; coal, cinder,
and fly ash). Although coal in the working beds is character-
ized by its extremely low germanium content (usually 1-3 g
t™"),%* coal-based resources are important sources of germa-
nium as 20-30% of the global production of this critical metal
is contributed to by coal cinder and fly ash processing.”!
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Although direct distillation and inorganic acid leaching of coal
powder can be applied to Ge extraction, traditionally this route
has been identified as being uneconomical for industrial
application.”® However, in the recent past, the growing impor-
tance of germanium has prompted researchers to explore this
route with renewed interest. Wei and Rimmer®* demonstrated
that sequential leaching of high-quality Ge-bearing coal using
HCI and HF solutions can achieve up to 100% cumulative dis-
solution efficiency of Ge. Their analysis revealed that germa-
nium in coal samples is either weakly bound to organic
matter, probably through chelation, or it remains associated
with fine-grained minerals closely linked to the organic
matrix, thereby enabling it solubilization in HCI-HF media. An
industrial alternative involves chlorination distillation of Ge-
bearing soot derived from coal combustion and gasification,
wherein HCI leaching facilitates the formation of GeCl, (refer
to Fig. 3b). The resulting GeCl,, with a low boiling point
(83.1 °C), can be further processed,”® as discussed in Section
3.1.1.

The rapid depletion of high-germanium-content coal is a
matter of concern, whereas low-grade coal remains
unexploited owing to economic reasons;”>°® hence, coal com-
bustion is a good way to enrich germanium via fly ash.’”®
Yang et al.®® studied reductive volatilization of Ge-bearing
lignite that yielded 71 600 ppm germanium in fly ash as com-
pared to an initial content of only 30 ppm. As per the results
of thermogravimetric analysis shown in Fig. 4b, the weight
loss of 26.23% up to 174.4 °C is accounted for by the evapor-
ation of inherent moisture in the lignite. A sharp reduction in
weight from 245.3 °C is attributed to the combustion of lignite
carbon, while heating to above 668.6 °C results in the weight
loss becoming more moderate at only 6.55% (accounting for
only 7.20% of the total weight loss) due to the decomposition
of carbonate and sulfate. At temperatures above 927 °C, the
reduction process for GeO, in coal (refer to Fig. 2b) can be
written as follows:

GeO, + C — GeO + CO (19)

The reduction system significantly influences Ge volatiliz-
ation and its subsequent enrichment (see Fig. 4c). When Ge-
bearing coal is combusted in an open-door muffle furnace, the
germanium concentration in the residual mass reached
~517 ppm, while it was only 60 ppm and 30 ppm when the
combustion was performed in a semi-closed and fully closed
furnace, respectively. This disparity can be explained by the
influence of oxygen availability on the redox environment. In
an open system, the presence of oxygen suppresses the reduc-
tive conditions required for GeO, conversion to volatile GeO
(as shown in Fig. 2b), thereby favoring the formation of non-
volatile GeO, in the residual ash. As a result, germanium
remains concentrated in the solid phase rather than volatiliz-
ing into the gas phase.

Because hexagonal GeO, in fly ash is water-soluble,
leaching experiments using deionized water and wastewater
collected from different sections (ie., gas cooling system,

32,51
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cooling chamber, and desulphurization scrubbing) of an inte-
grated gasification combined cycle (IGCC) plant have been
conducted. The highest leaching efficiency (84%) was achieved
using deionized water at room temperature (25 °C).”> When
increasing the temperature to 150 °C, the leaching efficiency
could not be improved any further, which somehow departs
from expectations based on thermodynamic eqn (2). However,
when leaching was performed in the presence of air/O,,'%°
both the rate and selectivity of Ge extraction improved, with
concentrations rising from 25 ppm to over 50 ppm across a
temperature range of 25 °C to 90 °C over a 6 h period.
Similarly, the water leaching of Puertollano IGCC fly ash at
90 °C yielded up to 80% Ge dissolution.*®'®" This behavior
can be attributed to the precipitation of iron oxyhydroxides at
a greater rate in the presence of air/O, and the oxidation of
sulfur species to soluble sulfates, which facilitate germanium
release from the IGCC fly ash.

Arroyo et al.'® used different lixiviants (other than water)
such as H,S0,, HCI, CaO, and NaOH with the oxidant H,0,,
and a variety of complexing agents (including oxalic acid,
H,C,0, and catechol, C¢H¢O,) for a comparative leaching
study of germanium from Puertollano IGCC fly ash. The leach-
ing order obtained was H,C,0, > CcHeO, > H,SO, HCI > H,0 >
HCl > H,0, > NaOH > CaO. The results demonstrated that
efficient and rapid leaching can be achieved with oxalic acid
(83% Ge in 2 h), which can be attributed to germanium
forming anionic species (as shown in eqn (13)) while iron is
precipitated as insoluble oxalate. On the other hand, the inhib-
ited leaching with CaO can be ascribed to a greater concen-
tration of dissolved salts hindering Ge dissolution from the fly
ash particles.’*'°°

3.1.3. Leaching of e-waste materials. About 30% of avail-
able germanium is used in semi-conductors and optical
fibers.'® Hence, electronic items discarded as end-of-life
e-waste have been identified as valuable and concentrated sec-
ondary sources of germanium. For instance, the non-magnetic
fraction of diodes may contain up to 0.5% germanium,'®
while optical fibers can hold as much as 4% in the form of
Ge0,.'* Gupta and Mudhar’® proposed an extraction process
involving leaching semiconductor waste with 2.0 mol L™ HCI,
yielding germanium quantitatively as GeCl, in the leached
solution. Furthermore, using a more concentrated HCl solu-
tion (6.0 mol L") has been shown to extract over 98% germa-
nium from Zener diodes at 80 °C within 3 h.'*

The use of H,SO, resulted in poor leaching yields of below
10%,'°® possibly due to germanium adsorption onto in situ
precipitated silica,"”” which comprises ~96% of the weight
fraction in optical fibers. This yield was greatly improved by
adding 5 vol% HF into 0.1 mol L™! H,SO, solution, over a
period of 3 h while leaching was performed at room tempera-
ture (25 °C) only, demonstrating how the behavior of silica
influences Ge recycling.'® However, to avoid the use of HF in
leaching processes, NaOH roasting was performed at 500 °C
with a high NaOH-to-SiO, mole ratio (up to 6). The roasted
mass was subsequently leached with H,SO, solutions, yielding
>999% dissolution efficiency.'”®'°® This favorable leaching

This journal is © The Royal Society of Chemistry 2025
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outcome is attributed to the formation of the anionic species
H,GeO,*” at pH values above 12.5 (refer to Fig. 2c). Lee
et al.''° later replaced NaOH with Na,CO;, conducting roasting
at 700 °C for just 1 h. This approach enabled complete germa-
nium recovery (26 ppm) from optical fiber waste via HCI leach-
ing, revealing the strong affinity of Na,CO; for silica to form
sodium silicate shown as follows in eqn (20):

Si0, 4+ Na,CO; — Na,Si0; + CO, (20)

However, the recycling of waste solar panels studied by
Kuroiwa et al.'"* showed that both HF and NaOH are required
to destroy the silicate structure to liberate germanium from
the panel surface. In an alternative approach, Rafiee et al.'®®
employed acetic acid for germanium leaching, achieving over
70% extraction from diode samples using 2.5 mol L™*
CH3;COOH solution at 90 °C for 4 h. They disclosed that the
organic acid leaching follows three different phases: (i) a
diffusion-controlled stage during the initial 5 min, (ii) inter-
facial mass transfer during the intermediate stage, and (iii)
product-layer control near the completion of the leaching
process. For the diffusion-controlled region, the rate coeffi-
cients were determined to be 6.61 x 107°, 6.94 x 107>, and
—6.87 x 107> at CH;COOH concentrations of 2.5 mol L%,
5.0 mol L™, and 7.5 mol L', respectively. The leaching reac-
tions in acetic acid follow eqn (21)-(23):

CH;COOH «+ H' + CH;CO0~ (21)
GeO, +4CH3CO00™ + 4H' — Ge(CH3C00), +2H,0  (22)
GeO, + 4H" — Ge*' + 2H,0 (23)

Based on the literature survey, the leaching processes
applied to the extraction of germanium from different primary
and secondary resources are presented in Table S1. It summar-
izes the optimized conditions, Ge yield, and salient features of
the studied hydrometallurgical processes.'** '

Germanium recovery via recycling waste photovoltaic panels
(conducted following plastic removal) has been examined
alongside the generation of hydrogen and magnesium phos-
phate fertilizer as by-products.'*® Initially during this process,
Ge-bearing PV scrap was treated with Mg scrap at 400 °C, while
maintaining a heating rate of 15 °C min™", to form Mg germa-
nide and/or silicide."*® The reaction endpoint was monitored
via pressure changes, and after the system returned to its
initial pressure value, the heating was stopped and the sample
retrieved from the furnace. The resulting magnesium germa-
nide and/or magnesium silicide (see eqn (24)), was then hydro-
lyzed with 25 wt% H3;PO, at ambient temperature to leach ger-
manium (see eqn (25)):

ZMg(s) + Ge/Si@ — Mnge/Si<s) (24)
Mnge/Si<s) + H3PO, — Mg(HPO4)(aq) + (Ge/Si)nH(ZrH—Z) (25)

Subsequently using a low-vacuum phosphate reduction
process, hydrogen gas and magnesium phosphate fertilizer
were generated as valuable by-products.'’” Thermodynamic
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analysis of the process indicated the decomposition of the
phosphate reductant into products such as Na,P,05, NasP;0;,,
PH3;, O,, and H,. Depending on the temperature zones within
the reactor, three distinct morphological and elemental phases
involving Ge, P, and O were observed, aligning with the reac-
tion order models for phosphate-mediated reduction. Stage I,
occurring in the temperature range of 500-673 K, mainly
involved the decomposition of NaH,PO,. The decomposition
products were mainly P(v)-containing compounds Na,P,0,
and Na;P;0,0, and also PH3, H,, and H,O. Stage II begins
when the temperature is increased to around 953 K, which is
marked by further weight loss attributed to the reduction of
GeO, by the strong reducing gases of PH; and H,. The
different reactions are represented by eqn (26)-(29) leading to
the condensation of germanium species including elemental
Ge (Ge®), divalent Ge (Ge>*), and a minor fraction of tetravalent
Ge (Ge'). The decomposition of sodium hypophosphite
(NaH,PO,) proceeded via hydrolysis followed by a nucleophilic
addition-elimination mechanism. This reaction pathway gen-
erates PH; and H,, which act as reductants and facilitate the
breakdown of the GeO, octahedral structure, leading to the
formation of elemental Ge” and its oxides (as illustrated in
Fig. 5). Under optimized conditions, specifically at 1173 K and
a reaction time of 40 min, the process achieved a germanium
volatilization efficiency exceeding 90%:

4GeO, + 2PH; — 4Ge® 4 P,0s + 3H,0 (26)
8GeO, + 2PH; — 8GeO + P,05 + 3H,0 (27)
GeO, + 2H, — Ge® + 2H,0 (28)
GeO, + 2H, — GeO + H,0 (29)

In another study focused on germanium recovery from
optical fiber waste,'*® carbothermal reduction of GeO, revealed
a dynamic transformation in the reaction pathway. Although
the transition zone between intermediates was not sharply
defined, it was observed that GeO was initially formed and des-
orbed from the reaction zone. This intermediate was then
further reduced to elemental germanium (Ge®), which became

o
o o) B
r~ z‘“</" <
= D
o o 4%\. 7
o\ “i Y @

GeO;  Hexagonal erystal!

PH, and H, captured O atom of GeO; erystal

Ge
Metal Ge G0 P0s O o

Element transfer

Fragment regencration and condensation

Fig. 5 Reaction mechanism of the vacuum phosphate reduction of
GeO, (adapted from ref. 117 with permission from the American
Chemical Society, ACS Sustain. Chem. Eng., 2019, 7(2), 2176-2186,
Copyright 2018).
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the dominant product. However, the evaporation of Ge°
occurred at a significantly slower rate compared to GeO.
Spectroscopic analysis confirmed the coexistence of metallic
impurities, including Zn, Cu, and Mg, within the product
matrix. These impurities are believed to interfere in product
purity and disrupt the morphology of the recovered material.

Several methods have been disclosed for germanium re-
cycling from e-waste materials via pre-heat treatment followed
by hydrometallurgical leaching. The roasted mass predomi-
nantly containing germanium and/or its oxides undergoes
chlorination leaching to form GeCl,.''>'*° In a unique
method, the digestion of waste solar film in sodium hypo-
chlorite followed by NaOH leaching at 90 °C for 30 min has
been disclosed."*" By adding a certain amount of precipitant
and water, the pH was adjusted to values in the range of
4.5-6.5 using HCI under slow stirring, to precipitate a Ge-
enriched mass, which subsequently undergoes distillation
with HCI to collect the GeCl, product. The stepwise reactions
take place as follows:

Ge + 2NaClO + 2NaOH — Na,GeOj3 + 2NaCl + H,O  (30)
Na,GeO; + 2HCI — GeO, | +2NaCl + H,O (31)
GeO, + 4HCl — GeCl, + 2H,0 (32)

3.2. Germanium separation from leach liquors

3.2.1. Tannin precipitation. Precipitation remains one of
the most widely adopted industrial techniques for metal recov-
ery from aqueous solutions. In the context of Ge recovery from
ZRR leachates, tannin-based precipitation has been practiced
for decades. In this process, organic tannins act as precipi-
tants, forming insoluble tannin-germanium complexes by
binding with germanium oxide anions in solution."** The pre-
cipitated complex is subsequently oxidized using reagents
such as NaClO; or KMnO,, and then, the intermediate is dis-
solved in hydrochloric acid to produce GeCl,. Pure germanium
tetrachloride is finally obtained through calcination.'* In
industrial applications, tannins like tannic acid (C;¢Hs2046),
which contains hydrolyzable polyphenols with multiple ortho-
phenolic hydroxyl groups, are commonly used.'** The precipi-
tation mechanism is primarily governed by coordination
between germanium ions and the phenolic hydroxyl groups of
tannin molecules.*® According to orbital hybridization theory,
tannins ionize in acidic media to form phenoxy anions, which
then coordinate with germanium through Ge-O covalent
bonds involving sp®d* hybridization, resulting in a stable six-
coordinate complex (see Fig. 6a).'*>"%°

However, tannic acid’s chelating behavior is not selective to
germanium alone; it also complexes with Fe** and precipitates
other impurities such as Cu®>*, Zn>*, and Pb**, thereby compro-
mising the purity of the Ge precipitate.’® For example, increas-
ing the dosage of tannic acid from 0.1 g to 0.2 g can raise the
Ge precipitation yield from 10% to 91%, but simultaneously
increases iron co-precipitation from negligible levels to
52%."'”” This highlights the trade-off between higher yields

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 [a] A representation of tannin-germanium chelation formed during precipitation from acidic solutions (adapted from ref. 126 published

under open use licence with MDPI, Metals, 2023, 13(4), 774.); [b] pH-isotherm of possible metals in Ge-bearing sulfate solutions as a function of
equilibrium pH and H,SO,4 concentration; and [c] logarithmic distribution of germanium between organic and aqueous phases as a function of equi-
librium pH (reprinted and modified from ref. 26 with permission from Elsevier, J. Clean. Prod., 2021, 294, 126217, Copyright 2021). [d] Ge-chelation
complexation into the extract phase using oxime-based chelating extractant. [e] Phase disengagement effect in Ge-extraction as a function of N235
concentration, while maintaining the organic-to-aqueous phase ratio = 1 : 2, H,SO4 concentration into aqueous feed = 67.13 g L™, D2EHPA con-
centration into the organic phase = 30%, contact time = 5 min, and temperature = 25 °C (adapted from ref. 143 with permission from Elsevier, Sep.

Purif. Technol., 2024, 329, 125175, Copyright 2024).

and lower selectivity at elevated tannin dosages. Furthermore,
excess tannic acid leads to emulsification during the precipi-
tation and purification steps. These emulsified residues can
burn on electrode surfaces during subsequent zinc electrolysis,
increasing energy consumption and lowering current
efficiency.*® To enhance selectivity, multi-stage precipitation
processes are often employed, but they increase operational
complexity, cost, and volume requirements."*?

To address volume and selectivity challenges, Li et al'*’
proposed a two-stage counter-current precipitation approach
for sulfate leach solutions containing zinc. However, they
noted that lower tannic acid dosages significantly reduced Ge
recovery. In their study, achieving 99.5% Ge precipitation at
pH 2.5 and 50 °C while operating a 20-minute contact time
required a tannic acid dosage 25 times higher than the stoi-
chiometric amount. In a few studies, such as that of Drzazga
et al.,"*° higher precipitation temperatures (up to 90 °C) have
been investigated, but these pose another issue: tannic acid
begins to degrade above 70 °C, making such conditions unsui-
table."*’ Due to limitations, such as poor selectivity, high
reagent consumption, emulsification issues, and thermal
instability, the use of tannin-based precipitation for germa-
nium recovery has been largely phased out and replaced by

This journal is © The Royal Society of Chemistry 2025

more advanced liquid-liquid and solid-phase extraction tech-
niques (discussed in subsequent sections).

3.2.2. Liquid phase (solvent) extraction. Solvent extraction
(SX) is a widely applied liquid-liquid separation technique
conducted by employing mainly four types of organic extrac-
tants, i.e., phosphoric acid derivatives as proton exchangers,
oxime-based chelating extractants, amine-based anion exchan-
32 Based on the functional group
associated with carbon chains, their extraction ability differs

gers, and neutral extractants.

with respect to the acid concentration in the feed solution or
the equilibrium pH. They exhibit good quantitative extraction
efficiency for germanium under certain conditions; however,
co-extraction of iron is a major issue. Because phosphoric acid
derivatives (e.g., di-2-ethyl-hexyl-phosphoric acid, D2EHPA or
P204 and bis(2,4,4-trimethylpentyl)dithiophosphinic acid,
Cyanex 301) can absorb ferric iron at very low pH values (see
Fig. 6b), their applicability is somehow disadvantageous,
which can be overcome by applying oxime-based extractants
(e.g., 5,8-diethyl-7-hydroxydodecane-6-oxime, LIX 63, alkyl-sub-
stituted 8-hydroxyquinoline, LIX 26, and hydroxamic acid,
HGS98). As can be seen from Fig. 6¢, under highly acidic con-
ditions, oxime-based extractants selectively exclude trivalent
iron to promote chelation of Ge*" species into the organic
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phase. This favorably formed tetravalent species of Ge*" by
metal chelation is depicted in Fig. 6d. The extraction equili-
brium for the extractants D2EHPA and LIX (commonly rep-
resented as (RH),) can be written as follows:

Ge*" + 4(RH), < (Ge),(R,H), +4H" (33)

In sulfuric acid media, the extraction of Ge** using D2EHPA
can be maximized at acid concentrations >8.0 mol L™". Under
such highly acidic conditions, co-extraction of other metals is
difficult, as illustrated by the extraction isotherms of metals
with D2EHPA in Fig. 6b. However, the presence of highly con-
centrated free acid in the raffinate poses disadvantages.
Hence, to address this, 7-(4-ethyl-1-methyloctyl)-8-hydroxyqui-
noline—known as Kelex 100 (denoted by HL)—is preferred for
recovering Ge species from strongly acidic H,SO, solutions
(pH < 0). The extraction reaction proceeds as follows:*

Ge(OH),*™ 4 3(HL) + HSO,™ + (i — 3)H

—— (34)
« GelzHSO; + iH,0

A study conducted by Ma et al,'** demonstrated that a
mixture containing 30% P204 and 15% of an ester, namely tri-
butyl phosphate (TBP, (RO);-P=H), achieved an extraction
efficiency of >94% for Ge®". It has been suggested that TBP
assists by enhancing the extraction by stabilizing the cationic
Ge*" species through partial anionic charge thereby reducing
both the anion potential and the degree of ion hydration."**
About 19% of iron was co-extracted into the organic phase,
which was subsequently scrubbed using 6 mol L™' HCL
Germanium was quantitatively stripped from the organic
phase using 250 g L' NaOH solution at an organic-to-aqua-
eous (O/A) phase ratio of 2.

Notably, Harbuck et al.”* reported that of the many organic
extractants, only Kelex 100, LIX 26, LIX 63, and Cyanex 301 can
exhibit effective germanium extraction from sulfuric acid
media, with relative performances ranked as Kelex 100 ~ LIX
26 < LIX 63 < Cyanex 301.%>7%13>13¢ Germanium can be suc-
cessfully recovered from solutions containing large amounts of
acid (at pH < 0) via ion-pair formation into the organic phase,
whereas under low acidity (pH > 1.0) conditions, extraction
efficiency is poor due to the prevalence of neutral complexa-
tion.®® The extraction rate using Kelex 100 can be improved by
adding n-octanol, and quantitative extraction is achievable by
operating under a mixed regime of both diffusion and the
chemical reaction.'*® In contrast, the first commercially avail-
able a-hydroxyoxime (i.e., LIX 63) for Ge extraction from sulfate
media requires high concentrations (no less than 1.0 mol L)
of LIX 63 in the organic phase and contact with aqueous solu-
tions containing >1.0 mol L™" H,S0,."*7"*® Synergistic extrac-
tion strategies have been developed that involve adding
different organophosphorus acids, e.g., octylphenyl acid phos-
phate (OPAP),"*® 2-ethylhexyl phosphonic acid mono 2-ethyl-
hexyl ester (Ionquest 801),"*° highly branched C,, tertiary car-
boxylic acid (Versatic acid 10),'*® D2EHPA,'*' and another
oxime, LIX 26, into LIX 63, which could significantly dilute the
need for a-hydroxyoxime molecules in the organic phase.'*?
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The synergistic extraction mechanism using the LIX 63 +
Tonquest 801 system is written as:*®

1 1 1
GC(SO4)2 + ERH +EHA +EHZSO4

(35)

< Ge(S0,),(RH), 5 (HA)o 5 - (H2804), 5

A new synergism, comprising C;.o hydroxamic acid
(YW100) with D2EHPA has been reported by Tan et al.*** The
extraction of cationic Ge*" from sulfuric acid solution could be
improved via reducing the hydrolysis loss of YW100 and
improving phase separation performance when the trioctyl ter-
tiary amine (N235) is introduced into the organic phase at
different concentrations. It has been observed that in the
absence of N235, the hydrophilic groups of YW100 led to a
reduction in its solubility in the organic phase, thereby
forming an emulsion with greater extraction of germanium
and the appearance of a third phase (Fig. 6e). The resultant
enhanced extraction efficiency resulted in reduced recovery of
germanium via loss of metal in this third phase. As the N235
was introduced into the organic phase, extraction efficiency
decreased to 81% at 35 vol% N235, but the organic phase
could be quantitatively stripped using NH,F solution, which
improved the overall recovery of germanium during the extrac-
tion process. An optimized organic mixture of 3 vol% YW100 +
15 vol% D2EHPA + 35 vol% N235 + 47 vol% kerosene achieved
99.4% extraction efficiency. Subsequent stripping using
1.0 mol L™" NH,F solution enabled recovery of 96.2% Ge from
the extract phase.

Using Kelex 100 and LIX 63 alone revealed extraction
efficiency in the order of CI” < NO;~ < I <« CNS~ but
slower kinetics was exhibited with thiocyanate media, which
can be improved by adding Cyanex 301 to synergize the
process."** Additionally, the mixing of 2 vol% hydroxamic
acid (HGS98) with 5 vol% D2EHPA could result in an extrac-
tion efficiency of 99%,"** although the hydroxamic acid has
the disadvantage of lower chemical stability with higher
water solubility."**'*®  Additionally, iron when forming
anionic species at higher acidic concentrations, particularly
in HCl media, renders it difficult to apply amine-based
extractants (e.g., N235). Besides the predominant formation
of GeCl,, the extraction of anionic species such as [Ge
(OH),Cl-n)*~ has been reported by Sargar and Anuse'*’
when using N-n-octylaniline. The stepwise protonation of an
amine extractant (RR’ NH) followed by an extraction reaction
can be expressed as follows:

RR' NH + HCl < RR' NH, " Cl_ (36)
2[RR"NH, "Cl ™| + [Ge(OH),Clis_)|*~
(37)

o [(RR' NH2+)2[Ge(OH)ncl(G,n)]Z*} + 201

Meanwhile, amine extractants have found improved applica-
bility for recovery of anionic species of germanium in organic
acids. The complexation mechanism for tertiary amine salts
(represented by R;NH*X ") extracting anionic Ge oxalate** and

This journal is © The Royal Society of Chemistry 2025
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quaternary ammonium salts (written as RyN"X™) extracting Ge
tartrate'*® can be given as follows:

2[RANHTX | + [Ge(OH), (€204),]
(59)

o {(R3NH+)2[G6(OH)2(C204)2}2_} +2X

[R4N+X*} + [Ge(OH),(HT)] )
39

o [R4N+[Ge(0H)2(HT)]’] 'S

The extraction efficiency and selectivity of Ge-tartaric acid
complexes over co-existing metals ions (such as zinc,
cadmium, copper, and nickel) reach a maximum when the
molar ratio of C;HgOg to germanium is increased. This is due
to the higher stability constant of Ge-tartaric acid complexes
relative to those formed with other metals at pH ~1.0.'*%'%° In
contrast, the use of alternative complexing agents such as oleic
acid and catechol results in markedly lower germanium extrac-
tion efficiencies, decreasing from ~100% to below 5% and
~85%, respectively. In the case of the tertiary amine (N235),
93.5% germanium and about 7% arsenic were extracted from a
tartrate solution of pH 1.2.3® The co-extraction of arsenic could
be controlled by adding TOPO as a phase modifier with N235,
yielding extraction efficiencies for germanium with different
ligands that followed the order tartaric acid (95.8%) > citric
acid (71.7%) > gallic acid (46.6%) > oxalic acid (<5%) > salicylic
acid (less than 5%).">" Replacing TOPO with TBP as a modifier
further improved extraction efficiency and phase separation
compared to using the amine solvent alone.'®® Drzazga
et al."* successfully achieved > 99% germanium extraction
from sulfate solutions at pH values in the range of 1-3 using a
TOA-TBP system, following prior complexation with tartaric
acid, leaving indium in the raffinate, which was subsequently
extracted using D2EHPA. For stripping germanium from the
organic phase, NaOH solutions in the range of 10-20% were
found effective. Below 10% NaOH, germanium is precipitated,
while concentrations above 20% NaOH led to third-phase for-
mation and emulsion instability.

Using a phosphonium-based salt, namely trihexyl(tetrade-
cyl)phosphonium bis-2,4,4-(trimethylpentyl)phosphinate
(Cyphos 11104, denoted as R;R’ PTA™), the extraction equili-
bria determined at 3.0 mol L™ and 6.0 mol L' HCI have been
commonly given according to eqn (40).'°> The change in
aqueous media could drastically reduce the extraction
efficiency to below 5% with HNO;z; and H,SO, solutions (in the
concentration range of 1-10 mol L™"). This again shows the
inability of Ge forming stable anionic species in these media:

[RsR’ P+A’} 4 Ge* +6C1 + 2H"
(40)

o [(R3R' P*)ZGeCl62*} + 2[HA]

Under comparable conditions, the extraction efficiency
exhibited the order of quaternary ammonium salts > tertiary
amine > dithiophosphinic acid; however, the high consump-
tion of complexing agents and low selectivity of Ge extraction

This journal is © The Royal Society of Chemistry 2025
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over some heavy metals (e.g., arsenic) have also been
observed.®® On the one hand, either using a higher concen-
tration of HCI in ZPR leaching or in the presence in solution
of higher chloride content, GeCl, species are formed, which
can be extracted by using neutral extractants (e.g., TBP and
4-trialkylphosphine oxides, e.g. Cyanex 923; commonly rep-
resented as L) via adduct formation following the solvation
mechanism as follows:

GeCly + 2L + xH,0 < GeCl, - 2L - xH,O (41)

Ge(OH), + 2L + xH,0 < Ge(OH), - 2L - xH,O (42)

Using 20 vol% Cyanex 923 in the organic phase, an extrac-
tion efficiency for Ge of about 100% could be achieved from
an oxalate solution (0.15 mol L™" C,H,0,4) within an extraction
pH range of 1.0-3.0."*° The extraction equilibrium forming the
Ge-oxalate complex with the phosphine oxides is given in eqn
(43). As is evident from Fig. 6(b-d), Ge extraction takes place
under acidic conditions, hence, its quantitative stripping from
the loaded organic phase is carried out in alkaline solution to
recover germanium into the aqueous solution, forming the
anionic [H;GeO,] ~ and [H,GeO,]*>~ species:”®

H,Ge(C,04); + 4L < HyGe(C;04), - 4L (43)

Based on the literature reviewed, the separation and recov-
ery techniques applied to Ge recovery from various leach
liquors generated by the processing of different primary and
secondary resources of this critical metal have been presented
in Table S2. This table summarizes the optimized conditions,
yield and selectively, and salient features of the reported liquid
and solid phase separation techniques.'** ™’

3.2.3. Solid phase extraction. Analogous to the liquid-
liquid extraction process, the ion-exchange (IX) technique uses
liquid-to-solid mass transport from aqueous solution to resin
beads containing the exchangeable functional group/ions. The
same fundamentals are used as with SX; therefore, the chelat-
ing and anion exchange resins are largely employed either to
complex germanium via ion exchange or to be adsorbed onto
the resin surface by subsequent chelation of Ge** (under
highly acidic pH conditions) and exchange of oxoanions
(under basic pH > 9.0 conditions), respectively. The low con-
centration of germanium in leach liquor supports its applica-
bility for efficient and economic recovery but at a much slower
rate of mass transfer than that for SX.

Various commercially available resins can be employed,
such as Amberlite IRA-743, WP-2, and Lewatit TP-260,"®
methylglucamine-based resins,"*® and those resins functiona-
lized with diol groups and saccharides,'® including catechol
and catechol-8-hydroxyquinoline resins."® Among these,
bifunctional N-methylglucamine resins exhibit quantitative
adsorption of GeO(OH);~ and GeO,(OH)*>~ species (by disso-
ciating Ge(OH), at pK, > 9.0) via coordination between glucose
sites and nitrogen-containing groups. In multi-metal systems,
Ge adsorption was decreased by competing ions, with iron
exerting a particularly detrimental influence on the adsorption
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process.””® The sorption capacity of 1,2-diol-type resins was
found to be lower than that of N-methylglucamine resins, i.e.,
0.96 mmol g ', but exhibited reduced selectivity for
germanium.'”'®®  However, capacities improved to
1.5-2.4 mmol g~* at pH 7.0-7.8, which approaches similar
sorption capacity values of mannose-functionalized chitosan
resins (i.e., 2.4 mmol g~*)'® and di(2-hydroxyethyl)amine-type
cellulose derivatives (i.e., 1.8 mmol g~ at pH 8.0), which is
almost three times greater than sorption capacity values for
2-hydroxyethylamine-type cellulose derivatives.'®® At pH values
above 4.0, catechol forms a stable, negatively charged complex
with germanium as shown in eqn (44).'®® This complex exhi-
bits a highly symmetric three-dimensional structure more
stable than the corresponding silicate ionic complex,'®*'®* as
illustrated in Fig. 7a.

Ge(OH)4 + 3C6H4(OH)2 s GC(C6H4OZ)327 + ZH+ + 4H20
(44)

Cruz et al.'® studied the effect of different proportions of
catechol by mixing Ge species with 8-hydroxyquinoline resin
and observed that catechol alone yielded the best separation
performance for germanium over silicon (Fig. 7b). The
addition of 8-hydroxyquinoline into the resin mass facilitates
the separation over Zn (Fig. 7c) but not copper in the mixed
solution (Fig. 7d), whereas the equilibrium involving quatern-
ary ammonium resins (e.g., Amberlite IRA-900 and IRA-958)
employed for Ge adsorption from the catechol complex can be
given as follows by eqn (45):*

2R;NR;Cl + Ge(CsH40,),%” < (RyNR3),Ge(CeH40,), + 2C1~
(45)

Additionally, Amberlite IRA-900 and IRA-958 exhibited good
selectivity for Ge adsorption (96% and 89%, respectively) over
that for other metal ions,'®* justifying their theoretical affinity
with anionic resins in the order of Ge >V > Sb > Mo > As > Ga
> Zn, Co, Ni, Mn.** Very recently, selective anion exchange for
germanium separation was reported using D201 x 7 resin after
converting Ge(OH), into anionic species [GeO,(OH),C,H404]>~
by adding tartaric acid (at a 1: 1 molar ratio with respect to the
Ge concentration) into sulfuric acid-leached solution.'®® The
observed sorption followed the Langmuir isothermal model
and exhibited pseudo-second-order kinetics with a maximum
uptake capacity of 214 mg g™ and enrichment factor of 74.7.
The metal complexation and schematic of the IX -mechanism
are illustrated in Fig. 7e. An anion-exchange membrane (RX-1,
polystyrene trimethylammonium) has also been applied to
adsorb the anionic Ge-catechol complex from aqueous media
containing silicon as the major impurity."*"'** Experimental
results showed active ionic interactions at pH 11.0 as the solu-
tion was allowed to permeate through the RX-1 membrane.'®

Among limited studies, Patel and Karamalidis'® used
microwave-based synthesis to functionalize polystyrene beads
with catechol, nitro-catechol, and pyrogallol that yielded
maximum sorption capacities of 29.76 mg g~ ', 39.14 mg g,
and 37.13 mg g%, respectively. The synthesized sorbents were
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Fig. 7 [al Structure of the anionic Ge-catechol complex. The ion-
exchange extraction behaviour of metal ions with different resins made
of [b] 100% catechol, [c] 75% catechol + 25% hydroxyquinoline, and [d]
50% catechol + 50% hydroxyquinoline, while varying the resin-to-liquor
ratios in the range of 1-10 g L™ (modified and reproduced from ref. 161
with permission from Elsevier, Sep. Purif. Technol., 2018, 193, 214-219,
Copyright 2018). [e] A previous formation of anionic Ge—tartrate species
that undergoes ion-exchange adsorption with chloride-functionalized
D201 x 7 resin, followed by Ge desorption into NaOH solution (modified
and reproduced from ref. 166 with permission from Elsevier
Hydrometallurgy, 2024, 224, 106230, Copyright 2024).

highly selective for germanium, showing no adsorption for the
competitive metal ions at pH 1-2. Activated carbon has been
applied to Ge adsorption when maximum sorption capacity

This journal is © The Royal Society of Chemistry 2025
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values of 5.6 mg g~ and 10.5 mg g~ at pH 5.0 were exhibited
while using H;PO,-treated carbon powder (point of zero
charge, pzc at 3.8) and untreated carbon powder (pzc value,
7.1), respectively.’®®'®® Due to the pzc values, the negative
surface charge in pH > 7.1 media decreased the adsorption,
whereas the positive surface charge at lower pH (~1.0) exhibi-
ted negligible adsorption for the cationic species of germa-
nium (refer to Fig. 2c). Xiang et al.'’® synthesized three chito-
san-based adsorbents by grafting p-hydroxybenzoic acid
(HBA-CS), 3,4-dihydroxybenzoic acid (DBA-CS), and 3,4,5-trihy-
droxybenzoic acid (TBA-CS) to study steric effects on Ge
adsorption caused by the differing amounts of phenolic
hydroxyl. The results were correlated with the arrangement of
the active adsorption sites following the order of TBA-CS >
DBA-CS > HBA-CS > CS. The steric effect of TBA-CS was found
to be more ideal than that of DBA-CS due to more phenolic
hydroxyl groups, which exhibited superior affinity towards Ge
(OH)s.

4. Germanium flow, life-cycle, and
economic analyses of extraction
processes

4.1. Germanium flow and life-cycle assessment

The static flow and stock data of germanium have been sum-
marized by Wong et al."”" in order to comprehensively track its
flow throughout the life cycle. Using these data, a material
flow chart has been plotted as shown in Fig. 8a, revealing that
about 113 t of germanium is sourced from coal ash, and 53 t
from ZRR. The refined Ge output totalled about 87 t, while 79 t
are lost as tailings and slag, resulting in a recovery rate of only
52%. Secondary supply via urban mining contributed 19 t of
recycled Ge as new scrap. During the refining and manufactur-
ing stages, Ge-bearing materials are processed into various
products. Of the 111 t of refined germanium allocated to
different applications, China consumed 56 t alone, while
exports were directed primarily to the EU (43%) and the US
(47%). At the end-of-life stage, waste stocks mainly consist of
scrap from the fiber and IR optics sectors. However, germa-
nium embedded in PET and satellite components is comple-
tely unrecoverable.'””

Subsequently, life-cycle assessment (LCA),
decision-making tool for evaluating environmental
impacts,'”*7'7® has been employed to analyze various Ge-recov-
ery routes within this framework. The primary extraction of
germanium is mainly performed through the energy-intensive
smelting of zinc and lead ores; however, the environmental
burdens of germanium extraction have traditionally been
attributed to its mother metals, fostering the perception that
germanium extraction itself has relatively low environmental
impacts.'”® Therefore, an accurate assessment of the environ-
mental impacts of germanium extraction from the starting raw
materials is imperative, yet it remains a relatively underex-
plored topic in Ge metallurgy. Notably, fewer than 2% of pub-

a crucial
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lished studies have provided comprehensive inventory data
necessary for robust LCA modeling."””'7®

Recent studies have attempted to address this knowledge
gap by conducting cradle-to-gate LCAs on various germanium
recovery routes. Within the LCA framework, the output of a
functional unit of 1 kilogram of germanium crystals was estab-
lished to analyze three major processes under the defined
boundary conditions as represented by the dotted lines in
Fig. 3."® Within the standard framework of 1SO:14040 and
1SO:14044, openLCA was used for evaluating the environ-
mental indicators (refer to Table S3 for the indicators with
respective units in the SI), while following the methodology
defined in the International Life Cycle Database (ILCD, v1.0.8).
Among the three different feed material systems, System 1
involved ZRR with Pb concentrate as the feed raw material to a
smelter for up-concentration of germanium, followed by
chlorination to GeCly, hydrolysis to GeO,, reduction to Ge
metal, and zone refining to recover Ge crystals. In System 2,
ZRR underwent a similar series of steps, but without mixing
with Pb concentrate, thereby eliminating the need for smelting
during processing, while in System 3 ZRR is sent to a smelter.
Furthermore, considering a mixed feed in Systems 1, 2, and 3
at a mass ratio of 4:1:1, data obtained from electro-optic
materials (Umicore, Belgium) were used to evaluate the LCA
for environmental indicators.'”®'®® Table S3 shows the mid-
point impact category results with global warming potential
(GWP) value of 852 kg CO,-eq for 1 kg of Ge crystals in terms
of the baseline scenario.

On the other hand, considering an output of 1 kg of Ge
crystals from coal burning (bearing 600 ppm Ge) and recupera-
tion of the coal fly ash that achieves a concentration of <0.3%,
Robertz et al.'”” studied the LCA within the system boundary
(as defined in Fig. 3b). They used data from region-specific
electricity grid mix for Umicore (Belgium) and the National
Chinese grid mix (China), while excluding downstream solid
waste and wastewater treatment processes. Recognizing the
uncertainties in the concomitant energy recovery from coal,
they considered two different cases: (i) no energy recovery from
Ge-rich coal, and (ii) energy production from coal in a power
plant that was assumed to produce a suitable germanium con-
centrate. Consequently, they obtained the GWP values of
5566 kg CO,-eq and 698 kg CO,-eq, respectively. The coal
burning activity produces ample amounts of heat/energy,
hence, the second case with 698 kg CO,-eq of GWP seems to
be a realistic value. As shown in Fig. 8b, the main contribution
to the environmental impact is linked to the coal raw material,
either with the emissions during its burning or with its extrac-
tion and treatment. Coal particularly affects the impact cat-
egories of freshwater eutrophication (>99%), ecotoxicity for
aquatic fresh water (60%), and freshwater consumption (50%).

When the LCA was performed for Ge recovery via the re-
cycling of e-waste material within a silica matrix containing
3.5% germanium, the scraps are considered burden free, but
the transport of the scraps to the production plant is included
in the LCA study, following the hydrometallurgical system
boundary (defined in Fig. 3c). The study showed that the main
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[a] Diagram illustrating the static flows and stocks of germanium. The environmental impact analysis for germanium extraction from [b] coal and

[c] PV production scrap via the hydrometallurgical route. The impact categories can be referred to as TA = terrestrial acidification (H* mole-eq), EAF =
ecotoxicity for aquatic freshwater (CTU-eq), FE = freshwater eutrophication (kg P-eq), HCT = human carcinogenic toxicity (CTUh), HCNT = human
non-carcinogenic toxicity (CTUh), IR = ionizing radiation (kg U35-eq), IPCC GWP = global warming potential (kg CO,-eq), ME = marine eutrophication
(kg N-eq), OD = ozone depletion (kg CFC11-eq), PM = particulate matter (kg PM2.5-eq), POF = photochemical ozone formation (kg NMVOC), FMRS =
fossil and mineral resource scarcity (kg Sb-eq), TET = terrestrial ecotoxicity (mole N-eq), TWC = total freshwater consumption (kg).

contributors to the impact categories are linked to the energy
sources and the chemicals used for the leaching and chlori-
nation process (refer to Fig. 8c)."”” The auxiliary materials have
high impacts with respect to every category except ozone
depletion. The transportation of raw materials also contributes
significantly to the environmental burden through acidifica-
tion potential, marine and terrestrial eutrophication, particu-
late matter, and photochemical ozone formation. Overall, the
GWP for recycled germanium was found to be a substantially
lower value of 163 kg CO,-eq, which can be further reduced to
151 kg CO,-eq if HCI could be recycled from the chlorination-
refining step to the acid-leaching step.'”” However, a separate

14760 | Green Chem., 2025, 27,14744-14768

study by Hoof et al.'’® reported a higher GWP value of 280 kg
CO,-eq, likely due to the use of pyrometallurgical processes
involving high temperatures. This discrepancy underscores the
environmental advantage of hydrometallurgical recycling
methods for germanium recovery. Furthermore, a sensitivity
analysis focusing on the fossil and mineral resource scarcity
(FMRS) indicator, of particular relevance to both the EU and US,
revealed a variation of 6 to 11 orders of magnitude depending
on the depletion model used. These large variations were largely
driven by the germanium content of the input feedstock, indi-
cating that higher Ge-bearing feed can substantially reduce its
criticality to improve the supply chain of this valuable element.

This journal is © The Royal Society of Chemistry 2025
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4.2. Economic analysis of the extraction processes

The economic feasibility of germanium recovery from different
sources is influenced by several interrelated factors, including
the concentration of germanium in the material, the scale and
availability of feedstock, the complexity of extraction techno-
logies, and the potential for co-recovery of other valuable
elements. This section critically assesses the economic viability
of germanium extraction from ZRR, CBR, and e-waste, which
represent the major sources of this strategically important
element.

Industrial residues generated during zinc smelting are cur-
rently the most economically viable source of germanium.
These materials typically contain relatively high germanium
concentrations, ranging from 100 to 600 ppm. More impor-
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tantly, their processing is often integrated into existing hydro-
metallurgical and pyrometallurgical workflows within the zinc
industry, allowing for the co-recovery of germanium with
minimal additional infrastructure or energy input. From an
economic standpoint, the high throughput of zinc smelters
and the established logistics for residue handling significantly
lower the marginal cost of germanium recovery. However,
reliance on ZRR inherently ties the supply of germanium to
the zinc production cycle. Any downturn in zinc output can
limit germanium availability. Furthermore, certain residues
may require pretreatment to remove impurities or improve
recovery efficiency, which can slightly increase the operational
costs. Despite these limitations, the mature industrial context
and consistent germanium yields make ZRR the most com-
mercially attractive source currently in use.
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Fig. 9 Projection of primary production and scrap generation of germanium from [a] fiber optics, [b] space-based PV, [c] IR optics, [d] PET catalysts,
[e] terrestrial PV, [f] total Ge-bearing scrap generation, and [g] prediction for primary Ge-production. [h] The simulated results of demand and
supply for germanium into different application areas, wherein, the thin line represents sector-specified demand (abbreviated as 'D’), and the thick
line shows actual supply of germanium (abbreviated as ‘Into’) (adapted from ref. 184 under open use license with Springer Nature, Biophys. Econ.

Sust., 2024, 9, 5, Copyright 2024).
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In the case of CBR, it is produced in vast quantities world-
wide as a by-product of coal combustion and is readily avail-
able at minimal acquisition cost. Some deposits, particularly
those originating from lignite or low-rank coal in regions such
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as Inner Mongolia and parts of Eastern Europe, exhibit elev-
ated germanium concentrations (exceeding 100 ppm), making
them more suitable for economic recovery. Moreover, the
potential for co-extraction of rare earth elements and other
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trace metals presents opportunities for process integration and
cost sharing. Nevertheless, most CBR contains germanium in
the range of 5 to 50 ppm, which is often too low to justify stan-
dalone recovery operations. Additionally, extraction methods
tend to be chemically intensive, involving acid or alkali leach-
ing, thermal activation, or pressure treatment, each contribut-
ing to increased operational costs. The highly variable compo-
sition of CBR and its dispersed nature further complicate
economic scaling. As a result, while CBR can be economically
viable in geographically specific, high-grade deposits, its
general viability is limited by low germanium content and rela-
tively high processing costs.

E-waste is emerging as a major alternative source of germa-
nium, distinguished by its high Ge content in certain com-
ponents. Specific electronic products, such as infrared optical
devices, high-frequency semiconductors, and photovoltaic
cells, may contain germanium concentrations ranging from
0.1 to 1 wt%, far exceeding levels found in ZRR or CBR. When
recovery processes are focused on these high-value com-
ponents, the economics can be favorable. Additionally, the
concurrent recovery of companion metals can enhance overall
profitability. However, only a small fraction of e-waste contains
germanium, and the materials are often embedded in complex
assemblies. Disassembly, sorting, and pre-concentration are
labor-intensive and require sophisticated infrastructure.
Furthermore, the volume of recoverable germanium from bulk
e-waste streams is low, making large-scale operations economi-
cally challenging unless highly targeted. The technologies
required for germanium extraction from e-waste, including
selective leaching or vacuum smelting, are often capital-inten-
sive and not yet widely implemented. Accordingly, germanium
recovery from e-waste is economically viable primarily under
selective, high-concentration scenarios rather than as a
general strategy. In summary, e-waste offers significant poten-
tial in niche applications but remains economically con-
strained on a large scale. The development of a sustainable,
long-term model for Ge supply must account for these realities
while aligning with broader environmental objectives, as dis-
cussed in the next section.

5. Long-term sustainability model
based on secondary supply of
germanium from waste materials

Aligned with the EU’s long-term sustainability vision,'®" the
European Green Deal highlights the need to secure access to
critical raw materials essential for a clean energy future.'®* A
major challenge in germanium production is its recovery as a
by-product. For instance, while zinc mining drives its own
economic value, approximately 75% of global germanium pro-
duction originates from ZRR waste.'®> Meanwhile, the amount
of germanium contained in anthropogenic urban mines has
been steadily increasing and is projected to continue rising
until 2040 (Fig. 9a-f). With total scrap accumulation expected to

This journal is © The Royal Society of Chemistry 2025
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reach over two thousand tons, the prediction model suggests
that the largest share of Ge scrap (i.e., 61%) comes from IR
optics, where accumulation is expected to grow exponentially."”*
Additionally, the demand for germanium in solar cells is antici-
pated to accelerate significantly from 2035 in pursuit of a
carbon-neutral future. Meeting this rising demand will require a
corresponding increase in primary Ge production, projected
through linear regression analysis of historical data from 2000
to 2020. Fig. 9g shows that the primary production of germa-
nium is expected to reach above 140 t by 2040. This trend aligns
with other sector-specific simulations of germanium demand
and supply, which indicate an impending shortage (refer to
Fig. 9i)."®* In this figure, the thin lines represent demand across
various sectors, while the thick lines depict actual supply, reveal-
ing that all sectors except IR sensors are likely to face supply def-
icits. Consequently, a sharp increase in germanium price is
anticipated around 2040, particularly if demand growth out-
paces copper and zinc mining rates.

Recycling post-consumer electronic waste could mitigate
this scarcity, but current recycling rates remain low (below
10%). Sverdrup and Haraldsson'® presented a value chain
linking the extraction of mother metals to germanium circula-
tion (Fig. 10), highlighting the market dynamics and policy
impacts described in the EEA’s four sustainability scenarios.'®!
These scenarios provide distinct policy pathways. The analysis
indicates that Ecotopia focuses on conservation, minimal use,
and a cooperative regulatory approach to reduce demand (rep-
resented by the R1 loop), whereas Unity in Adversity and
Technocracy for Good focus more on centralized control, with
the latter particularly focusing on technological solutions for
efficient germanium circularity, reducing extraction via re-
cycling (represented by the R2 loop). The analysis also suggests
that physical circularity of germanium is critical to offset its
primary supply. Understanding and improving recycling rates
over time will align policy processes with feedback loops
related to circularity. Moreover, economic and geopolitical
factors often favor mother metal extraction, as shown by loops
R3 and R4 in Fig. 10. Therefore, recognizing the driving forces
behind extraction and their influence on market mechanisms
is essential for ensuring long-term circularity of this critical
metal.

6. Conclusions and future
perspectives

Germanium has found widespread applications in electronics
such as semi-conductors, diodes, and transistors, while its
usage in fiber optics is currently soaring for high-speed inter-
net and data transfer services. With no independent mineral
deposits of germanium, its extraction as a by-product of zinc
from sphalerite and through the processing of coal fly ash has
attracted researchers worldwide to develop efficient methods
for recovering this critical element. Over the past two decades,
research efforts have also intensified to develop effective
schemes for recycling germanium from various waste
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materials, further contributing to its sustainable utilization
and reducing dependence on co-existing primary sources. Ge
extraction from industrial residues is primarily governed by its
concentration in the parent material and the thermal and
chemical transformations it undergoes during ore roasting or
coal combustion. The resulting GeO, serves as the key leach-
able species, whose solubility and speciation in solution are
highly pH-dependent. Acidic leaching using H,SO, or HCI
remains the dominant method, with HCI being particularly
effective in silicate-rich matrices due to its ability to form
GeCl;, which can be purified via distillation or directly
reduced to metallic germanium.

Efficient pre-concentration of germanium is critical for
downstream recovery and can be achieved through tannin pre-
cipitation, solvent extraction, ion exchange, and adsorption,
each requiring high selectivity over competing metals like zinc,
iron, and cadmium. The success of these methods depends on
factors such as pH, extractant compatibility, and system stabi-
lity. Due to poor selectivity, high reagent consumption, emulsi-
fication issues, and thermal instability, the use of tannin-
based precipitation processes has been largely phased out.
Despite rapid mass transport rates, solvent extraction with
synergistic systems like YW100 with D2EHPA and N235 has
shown promising results, though third-phase formation, high
cost of organic solvents, and co-extraction of metal ions are
unresolved issues. Manoeuvring new extractants with higher
selectivity and lower cost can offer a potential solution to this
challenge. Solid-phase approaches using catechol and functio-
nalized resins like Amberlite IRA-900 have demonstrated
selectivity for germanium, offering additional potential for
integration with solvent extraction to enhance overall yields. In
recycling, up to 30% of germanium used in semiconductors
could be recovered from waste streams, though challenges
persist in liberating germanium from siliceous matrices, often
requiring hydrofluoric acid or alkali roasting. Ionic liquids,
particularly phosphonium-based variants in HCl media, show
improved selectivity and could serve as greener alternatives.
LCA studies reveal stark environmental differences among
extraction pathways: the GWP for producing 1 kg of Ge from
CBR with energy recovery is 698 kg CO,-eq, which rises to
5566 kg CO,-eq without energy integration, while ZRR-based
production shows 852 kg CO,-eq. In contrast, recycling from
PV waste results in only 163 kg CO,-eq, reinforcing the
environmental benefits of targeted recycling. However, com-
prehensive data on the techno-economic and environmental
performance of both conventional and emerging extraction
technologies remain limited, especially at higher technology
readiness levels. Bridging this gap is essential for establishing
robust sustainability benchmarks and identifying critical
process hotspots.

Future research on germanium should focus on developing
efficient, low-cost, and environmentally friendly extraction and
recycling technologies, particularly those capable of selectively
recovering germanium from complex matrices in both indus-
trial residues and e-waste. Advancements in solvent extraction,
ion exchange, and hybrid separation systems, along with scal-
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able process integration, are essential to improving recovery
efficiency and economic viability. In parallel, exploring germa-
nium’s role in emerging technologies such as photonics,
quantum computing, and energy storage will help to anticipate
future demand and refine purity requirements. The antici-
pated growth in Ge-containing e-waste generation will also
help to overcome the feedstock limitations. Comparative sus-
tainability assessments, including processing costs and life-
cycle impacts, should be expanded to establish robust bench-
marks for different extraction routes. Moreover, policy research
addressing circular economy incentives, recycling mandates,
and extended producer responsibility (EPR) is crucial to
strengthen regulatory frameworks for germanium recovery. A
multidisciplinary approach combining technical innovation
with economic and policy analysis will be key to securing a
stable, sustainable supply of this critical element.

Overall, this review highlights the key points for achieving
efficient germanium extraction and emphasizes the significance
of adopting sustainable practices, particularly through the
implementation of waste recycling strategies. By considering the
environmental impacts of different production systems, stake-
holders can make informed decisions and work towards a more
sustainable metallurgical extraction of germanium.
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