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ABSTRACT

Gallium is a critical material with increasing demand driven by compound semiconductors such as
gallium nitride (GaN) and gallium arsenide (GaAs) used in power electronics and optoelectronics
and a highly concentrated supply chain, with 98 % of refined production occurring in China. While
recycling remains limited, GaAs semiconductor manufacturing generates wastewater that can
contain gallium concentrations ranging from 1-35 mg-L~, representing an underutilized secondary
resource. This study evaluates the technical and economic feasibility of recovering gallium from
GaAs semiconductor wastewater across an input range of 10-100 m3-d-" using process modelling
and a techno-economic analysis comparing two alternative separation routes: ion exchange (IX)
and solvent extraction (SX). Using a real-world industrial wastewater composition, IX achieves a
higher overall recovery than single-stage SX (80.40 % vs. 62.54 %), which translates into consist-
ently lower levelized costs of gallium. The resulting levelized cost decreases from 563 to 144
€-kg~" for IX and from 701 to 161 €-kg~" for SX. The results demonstrate that separation step effi-
ciency is the dominant determinant of economic performance and show that gallium recovery from
semiconductor wastewater can be economically viable at fab-relevant scale. The analysis pro-
vides a proof-of-concept for integrating gallium recovery into semiconductor wastewater man-
agement and highlights its potential contribution to resource security and circular material supply.

Keywords: Gallium recovery, GaAs semiconductor wastewater, techno-economic analysis, ion exchange, sol-
vent extraction, critical raw material, circular economy

INTRODUCTION

The compound semiconductor industry is a key en-
abler of renewable energy and low-carbon technologies
through materials such as gallium arsenide (GaAs) and
gallium nitride (GaN), which enable high-efficiency power
electronics and optoelectronic devices [1]. Semiconduc-
tor applications include photovoltaics, power conversion
in wind and solar technologies and the electrification of
transport [1].

As demand increases, gallium has become a critical
material with highly concentrated supply chains, as 98%
of refined production occurs in China [2]. As a companion
metal primarily derived from bauxite processing and alu-
minum refining, independent scale-up is challenging.
Global demand is projected to exceed 3000 t by 2050
[3], yet total potential capacity in 2024 was only 1100 t

https://doi.org/10.69997/sct.193874

and primary production output was around 760 t.

Recent export restrictions have exposed the fragility
of this dependency, with gallium prices rising from below
185 € kg~'in 2020 to more than 460 € kg~ in 2023 [4].
These developments highlight the urgency of developing
alternative and secondary gallium sources to enhance
supply resilience and reduce exposure to geopolitical and
regulatory disruptions.

Recycling of gallium remains negligible and is largely
confined to production scrap, while end-of-life recovery
is virtually absent [1]. Industrial wastewater from semi-
conductor manufacturing represents a promising yet un-
derexplored secondary source of gallium. In particular,
GaAs wastewater from wafer manufacturing has shown
gallium concentrations of up to 35 mg L~" [5]. Recent ma-
terial flow analyses indicate that dominant gallium losses
in both wafer- and device-oriented compound semicon-
ductor manufacturing arise from the same unit
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operations, particularly substrate processing and back-
grinding, implying comparable gallium-bearing
wastewater streams across these sectors [6]. A material
flow analysis identified wafer and device production as
major loss hotspots, accounting for 19 + 5 % and 26 + 5
% of gallium losses within the production system, respec-
tively, and highlights wastewater treatment as a key lev-
erage point for reducing these losses, revealing a sub-
stantial untapped recovery potential of both economic
and environmental relevance [7].

To address this gap, this study compares two sep-
aration technologies: ion exchange (IX, e.g., chelating
resins) and solvent extraction (SX, e.g., organophospho-
rus extractants). IX is the current state-of-the-art
method and is already applied on a large industrial scale
to recover gallium from Bayer® liquor, an alkaline process
stream generated during alumina production, owing to its
high selectivity and operational stability [8]. However,
while IX dominates industrial gallium recovery from alka-
line process streams, solvent extraction remains chemi-
cally well suited for acidic, arsenic-bearing solutions and
is frequently reported in the literature on GaAs-related
aqueous process solutions. For such systems, including
scrap-derived leachates and simulated process solutions
representative of GaAs manufacturing, both IX and SX
have been tested mainly at laboratory scale, achieving
high gallium recovery yields of up to 99 % and successful
arsenic removal [9, 10].

Despite this demonstrated technical potential, nei-
ther technology has been implemented at scale for fab
wastewaters, largely due to dilute gallium concentrations
and complex co-contaminant matrices that undermine
economic viability [5]. At the same time, recent labora-
tory studies report high selectivity and recovery for
GaAs-representative acidic solutions, and emerging
downstream conversion concepts offer additional ena-
bling options; however, their implications for full-scale
process design, cost drivers, and break-even conditions
remain insufficiently quantified [9, 11, 12].

This work develops a system-level process model
and techno-economic analysis to translate reported sep-
aration performance into scaled process designs and
quantify cost drivers, break-even conditions, and design
trade-offs across IX and SX. The results provide actiona-
ble design guidance for fab integration of resource re-
covery and water reuse and support policymakers and
commodity strategists with quantitative evidence on cir-
cular supply options that can reduce dependence on
highly concentrated primary gallium supply chains.

MATERIALS AND METHODS

Framework for the case study

This work develops and applies a techno-economic
analysis (TEA) to evaluate the economic viability of
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gallium recovery from GaAs semiconductor wastewater.
This section defines the case study, system boundaries,
and modelling framework used to quantitatively compare
two alternative recovery routes—ion exchange and sol-
vent extraction.

First, process models, which include mass and en-
ergy balances to track gallium and key co-contaminants,
are developed for each recovery train, identifying the
major pretreatment, separation, and conversion steps for
the two alternative separation technologies considered.
The process models calculate gallium production rates,
energy and additive demands, equipment quantities and
sizes, and material replacement requirements, which are
subsequently used as inputs to the techno-economic
analysis. Next, a system-level TEA model calculates the
levelized cost of gallium (LCOGa).

Key technical and economic inputs (feed composi-
tion, operating setpoints, performance parameters, costs
and lifetime assumptions) are summarized in Tables 1-2
and applied consistently across both routes to ensure
comparability. The TEA reports LCOGa and its decompo-
sition into capital, operating, replacement, and labour
cost contributions.

The case study is defined using measured
wastewater compositions reported for real GaAs wafer
manufacturing effluents. All economic parameters (elec-
tricity price, labour cost, and industrial cost indices) are
referenced to a German industrial context, reflecting a
representative European semiconductor manufacturing
location. Gallium and arsenic concentrations of 34.6 mg
L-"and 35.3 mg L™, respectively, together with an acidic
pH of 3.8, were taken from semiconductor wastewater
characterized by Jain et al. and are used to define the
representative feed composition in this work [5].

The wastewater is assumed to be available at con-
tinuous flow rates typical for industrial semiconductor
fabrication facilities, reflecting segregated process
wastewaters from shared unit operations such as back-
grinding and etching that occur across both wafer and
device manufacturing [6]. A throughput range of 10-100
m?3 d~" was selected based on reported industrial effluent
volumes and is applied consistently for equipment sizing,
and cost correlations [13]. Additional aggregate water
quality parameters, including total dissolved solids (TDS)
and total suspended solids (TSS), were adopted from
GaAs semiconductor wastewater treatment studies re-
ported by Li et al. [14]. While Table 1 reports the key pa-
rameters used to define the case study, the process
modelling accounts for the full wastewater composition
reported in the literature.

As previously noted, this study examines IX and SX
as the two alternative separation technologies for gallium
recovery from GaAs semiconductor wastewater. In this
work, the IX route is modelled using a chelating ion ex-
change resin (Diaion CR11) [12], while the SX route
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employs an organophosphorus extractant (Cyanex 272)
diluted in kerosene [9], consistent with experimental
studies on gallium recovery from acidic GaAs-derived
process solutions.

Table 1: Key feed characteristics and operating condi-
tions defining the GaAs semiconductor wastewater case
study

Parameter Unit Value Source
Volume flow m3d-! 10-100 [13]
Temperature °C 25 [13]
pH 3.8 [5]
Gallium mg L’ 34.6 [5]
Arsenic mg L™’ 35.3 [5]
Total dissolved mg L™’ 1500 [14]
solids

Total suspended mg L™’ 30 [14]
solids

These two separation technologies are evaluated as
alternative recovery routes under identical wastewater
feed definitions and system boundaries, enabling a con-
sistent techno-economic comparison. The selected
wastewater dataset therefore serves as a well-docu-
mented blueprint case for system-level modelling of gal-
lium recovery from semiconductor wastewater.

This study targets the recovery of gallium with a pu-
rity of 99.99 % (4N). This grade is the standard commer-
cial form of commodity gallium and is subsequently re-
fined to high-purity (6N to 7N) for semiconductor device
fabrication. Using this framework, the levelized cost of
4N gallium production is compared against current mar-
ket prices, which were approximately 423 € kg="in 2024
[4].

Techno-economic analysis

The objective function to be minimized is the
LCOGa, defined as the total annual cost of the system
TC divided by the total annual production of 4N gallium,
MGa,ann (kg'a_1):

LCOGa = —<

)

MGa,ann

The total annual gallium production is a function of
the wastewater feed flow rate (Qj.eq), the initial gallium
concentration (cg,), the plant availability factor (y), and
the overall recovery rate (TR), which is calculated from
the process models developed in this work:

Mg ann = Qeed X Cca X TR X y X 365 days (2)

The total annualized cost of the gallium recovery
system is defined as:

TC = AF X CapEx + OpEx + Rep + LC (3)

where CapEx represents the capital expenditure required
Kozerke et al. /| LAPSE:2026.0210

to install the gallium recovery process train, AF is the an-
nualization factor, OpEx denotes the annual operating ex-
penses, Rep accounts for annualized replacement costs
of materials and equipment with finite lifetimes, LC rep-
resents labour costs associated with plant operation.

The formula for the annualization factor is depend-
ent on the annual discount rate, r, and the project lifetime
in years, n:

_ r(1+r)" (4)
A+r)n—1

Capital expenditures are calculated by summing
purchased equipment costs across all process steps and
applying step-specific Lang factors fi,,.s t0 convert
purchased costs to installed costs (accounting for instal-
lation, piping, instrumentation, for example):

CapEx = ZS(fLang,s X Z Cequip,s) (5)

Here, > CequipsiS the total purchased cost of all
equipment items assigned to process step s, and is the
corresponding step-specific Lang factor.

Operating expenditures comprise electricity costs,
chemical/additive consumption, and operations &
maintenance (O&M) costs. Electricity costs are calcu-
lated from the annual electricity demand E,,, and the
electricity price EP, while chemical costs depend on the
annual consumption my ,,, and unit price AP, of each
chemical or additive k. O&M costs are approximated as a
fixed fraction OM of installed CapEx:

OPEx = Egnp X EP + 3, (M ann X AP) + OM x CapEx
(6)

Annual replacement costs Rep account for equip-
ment and materials with finite lifetimes. They are calcu-
lated by annualizing the purchased cost of each replace-

able item Ceq,; OVer its expected lifetime 7;:

Cequip,i
Rep = 3, et )

The annual labour cost contribution, LC, is calcu-
lated as:

LC = Cprg X frr (8)

where Cgrg is the annual fully loaded cost of one full-time
equivalent (FTE) employee, including salary, social
charges, overhead, and benefits, and fzr3 is the fraction
of a full-time equivalent required for operation of the gal-
lium recovery process.

Values for the key parameters used in the analysis
can be found in Table 2. It is worth noting that perfor-
mance figures for the RO98pHt membrane, IX resin, SX,
and electrowinning (EW) are sourced from experimental
studies.
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Table 2: Key parameters for the techno-economic analy-
sis and the values associated with them.

Parame- Description Value Source

ter sym-

bol

n Plant lifetime 20 [15]
Availability factor 0.95 [15]

r Discount factor 0.08 [16]

OM Annual rate cost of 0.02 [16]
operations and
maintenance

EP Electricity price [€ 0.1648 [17]
kWh]

Crre Annual labour cost 69, [18]
[€aT"] 164

frre Fraction of an FTE 0.25 [19]

fLang Lang factor 1.4- [20-

4.9 22]

APncL Cost of hydrochloric  0.15 [23]
acid feedstock [€
kg ]

APH2s04 Cost of sulfuricacid 0.13 [23]
feedstock [€ kg']

APnaoH Cost of sodium hy- 0.3 [24]
droxide feedstock
[€ kgl

Cix IX resin cost [€ kg™l 138.91 [25]

X IX resin lifetime [y] 5 [26]

Csx SX extractant cost 10 [27]
[€ kg™

fmakeup SX make up rate [% 15 [28]
a™"

SECew EW energy [kWh 9.05 [11]
kg~ Ga]

CrogspHT RO98pHt membrane 1,088 [29]

cost [€ pc]

RESULTS AND DISCUSSION

Process trains and models

Process trains for each separation technology, IX
and SX, were developed to recover 4N gallium from GaAs
semiconductor wastewater. As shown schematically in
Figure 1, both trains share an identical pretreatment and
concentration front-end and a shared downstream con-
version block; they differ only in the separation step. This
structure enables a controlled comparison in which
route-level differences in recovery and cost are domi-
nated by separation performance and its implications for
downstream conditioning.

The process begins with filtration to reduce sus-
pended solids and mitigate downstream fouling while
preserving dissolved species, including Ga [20]. Reverse
osmosis (RO) is then used as a concentrator to reduce
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the flow volume and increase gallium concentration, im-
proving the feasibility of selective recovery at compara-
tively small, fab-relevant module throughputs. The RO
design uses a commercial spiral-wound membrane con-
figuration (RO98pHt), which has demonstrated high re-
jection of multivalent ions and dissolved metals in acidic,
metal-bearing waters [30]. In the process model, RO is
implemented as a volumetric split with component-spe-
cific partitioning of gallium (and other tracked species)
between permeate and concentrate. The permeate
stream is treated as a reuse or discharge stream depend-
ing on site-specific integration, while the concentrate is
routed to chemical conditioning [31].

The RO concentrate is adjusted to pH 2 using hy-
drochloric acid to ensure a stable operating window com-
patible with both separation routes and to avoid prema-
ture hydroxide precipitation. This setpoint follows re-
ported operating conditions for gallium recovery in acidic
solutions and provides a consistent basis for comparing
IX and SX under the same feed chemistry. [9, 12, 23]

In the IX process train, Ga3* is selectively complexed
on a chelating resin and subsequently recovered through
an acid wash. This step yields a gallium-rich product
stream, while the treated aqueous stream leaving the col-
umn constitutes a gallium-depleted waste stream. Diaion
CR-11is used as the baseline resin and it is regenerated
using 0.1 M H,SO,, consistent with reported gallium re-
covery from GaAs-derived feeds and supported by man-
ufacturer specifications and literature data [12].

In the SX process train, gallium is transferred from
the aqueous phase into an organic phase consisting of
Cyanex 272 diluted in kerosene via pH-dependent com-
plex formation, and subsequently stripped into an aque-
ous recovery solution using 0.5 M HCI, consistent with
experimental studies on simulated GaAs waste etching
solutions and hydrometallurgical practice [9]. Solvent
make-up is explicitly included in the model to account for
extractant losses and operability constraints relevant to
industrial scale-up. The IX and SX recovery streams differ
in acid chemistry (sulfate versus chloride), which propa-
gates to downstream neutralization requirements and as-
sociated reagent demand.

After separation and regeneration, the gallium-rich
recovery streams are not directly suitable for elec-
trowinning due to their low gallium concentration, acidic
chemistry, and residual matrix components, which would
lead to severe hydrogen evolution and poor current effi-
ciency. To enable efficient electroreduction, gallium is
therefore first precipitated as gallium hydroxide by alka-
linization using sodium hydroxide, effecting a solid-liquid
separation that concentrates gallium while removing the
bulk aqueous matrix and associated impurities [8].

The precipitate is then subjected to alkaline leaching
to generate a gallium-rich electrolyte suitable for electro-
reduction [11]. This step is essential because direct

Syst Control Trans 5:68-76 (2026) 71



PTe— Recovery of Gallium

GaAs process y Gallium 4N
P T TTTTTTTTTTTTTTTTmTTmmmTTTTTmmmmmmmTTTemmmm Y e
i Pretreatment | Separation I Conversion
' 1 1 '
1 ! ! i
1 i H
HC : Process train: : NaOH NaOH Electricity :
1 | IX | 1
' | | H
! o Reverse . ! ! L Selective Electrowinnin !
| Filtration > . ™ pH-Adjust Waste Precipitation [ . > 9
' Osmosis ! ! leaching (EW) '
: | . | :
: : Process)s( train: : Waete :
H Permeate > 1 | :
' Reuse : : '
E : Waste : E
i >Process flow § Key input / side streams System boundary

Figure 1: Schematic diagram of the processing trains developed and analyzed for recovery of 4N gallium from
GaAs process wastewater, structured into pretreatment, separation, and conversion blocks. Pretreatment
comprises filtration followed by reverse osmosis (RO), operated as a volumetric split to concentrate gallium in the
retentate while generating a permeate stream assumed available for reuse. The RO concentrate is chemically
conditioned by pH adjustment to establish an acidic matrix suitable for selective gallium separation.

Two alternative separation technologies are considered: (i) ion exchange (IX), in which gallium is selectively
adsorbed on a chelating resin and recovered by acid elution; and (ii) solvent extraction (SX), in which gallium is
transferred into an organic phase and subsequently stripped into an aqueous recovery stream. In both cases, the
gallium-rich stream is routed to a shared conversion train comprising precipitation, alkaline leaching, and
electrowinning to produce 4N gallium using a titanium cathode. The dashed box indicates the system boundary.
Black arrows denote the main process flow, while blue arrows indicate key chemical and utility inputs as well as
qualitative side streams.

electrowinning from acidic recovery solutions would be
kinetically unfavorable and dominated by hydrogen evo-
lution.

Final recovery is achieved by electrowinning using a
titanium cathode, following the cyclone electrowinning
concept reported by Xu et al [11]. In this process, forced
electrolyte circulation enhances mass transfer and sup-
presses concentration polarization, enabling stable dep-
osition of metallic gallium from alkaline solutions. The de-
posited metallic gallium is mechanically separated,
washed, and vacuum-dried to remove residual electro-
lyte and moisture, yielding 4N gallium as the final prod-
uct, which represents the standard commercial grade
and serves as feedstock for subsequent high-purity up-
grading. [11]

Table 3: The fraction of gallium recovered using each
process train for both technologies.

Process train Recovery fraction
IX 80.4 %
SX 62.54 %

Overall gallium recovery for each train is computed
from the stepwise recovery fractions across RO, separa-
tion, precipitation, leaching, and electrowinning, with the
corresponding recovery values reported in Table 3. Be-
cause both routes share the same front-end and
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downstream conversion, differences in overall recovery
are dominated by separation performance: IX achieves a
single-pass recovery of 96.9 %, whereas single-stage SX
is limited to 77.3 %, resulting in overall recoveries of
80.40 % and 62.54 %, respectively. In the baseline, the
SX route is modelled as a single extraction/stripping
stage following Chen et al., such that higher recovery
would require additional stages and increased solvent in-
ventory, implying a cost-recovery trade-off [9]. In con-
trast, the IX basis follows Cheng et al. and provides
higher effective single-pass recovery due to strong Ga3*
affinity and efficient elution, thereby reducing separa-
tion-stage losses [12].

Techno-economic performance

The process models assume an unpressurized feed,
with all unit operations sized explicitly using flow-de-
pendent design equations and operating setpoints. Given
the comparatively small target throughputs considered in
this study (baseline feed flow rates of 10-100 m® d="), a
bottom-up costing approach is adopted based on explicit
equipment sizing and vendor or literature pricing [32].
Generic large-plant cost correlations are not applied, as
they are sparse or non-representative at this scale [20].

Waste and side streams (e.g., spent regenerant, RO
permeate, spent electrolyte) are quantified for mass-bal-
ance closure, disposal costs for these streams are not
charged to the recovery system in the baseline TEA. This
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Figure 2: Baseline techno-economic results for gallium recovery from GaAs semiconductor wastewater comparing
ion exchange (IX) and solvent extraction (SX) over feed flow rates of Q = 10-100 m® d-". (A) Annual production
rate (kg yr") versus feed flow rate (log-log), showing near-linear scaling with throughput at fixed feed composition
and route-dependent yield differences arising from different overall recovery. (B) Levelized cost of gallium (€/kg
4N Ga) versus feed flow rate (log-x), including a reference market price for 4N gallium (423 €/kg).
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framing represents an incremental “bolt-on” recovery
module at a fab site with existing wastewater treatment
infrastructure; stand-alone deployment would require
explicit treatment/disposal costing and may shift the
economic results [33].

The production rate shown in Figure 2A scales line-
arly with the feed flow rate. The factors determining an-
nual production in these designs are primarily the total
recovery and conversion yields across the process train
(Table 3), which depend on separation performance (re-
covery and selectivity), reaction yields, and operational
setpoints, rather than on the absolute volume of feed
processed. Accordingly, the model applies fixed recovery
fractions for each route in the baseline case, resulting in
proportional scaling of annual production with Q. At the
baseline composition (cea = 34.6 mg L"), the IX route pro-
duces 96 kg per year at Q = 10 m® per day and 965 kg
per year at Q = 100 m® per day, whereas the SX route
produces 75 kg per year and 750 kg per year at the same
throughputs. This difference in yield is not merely a pro-
duction metric: because the LCOGa is normalized per kil-
ogram of product, a lower total recovery reduces the de-
nominator (kilograms of gallium produced per cubic me-
ter processed) and therefore increases the cost in euros
per kilogram, even if the processing cost per cubic meter
were unchanged.

The levelized cost trends are shown in Figure 2B.
LCOGa decreases steeply with throughput for both
routes, falling from 563 to 144 € kg™ for IX and from 701
to 161 € kg™ for SX when scaling Q from 10 to 100 m® per
day. The IX route is consistently lower in cost because it
combines a higher overall recovery with a more favoura-
ble operating-cost structure at scale. This effect is
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particularly evident at Q = 100 m® d-', where operating
expenses account for a larger fraction of total cost for SX,
approximately 43%, compared to approximately 24% for
IX, as shown in Figure 3. This is consistent with the addi-
tional consumables and operational burdens associated
with the SX route in the baseline model.

To assess economic viability, the LCOGa curves are
compared against a representative market price for 4N
gallium of 423 € kg™'. Both routes reach economic viabil-
ity within the evaluated throughput range. Interpolation
of the base-case LCOGa curves yields break-even
throughput thresholds of approximately Q* = 14.2 m3 d-’
for IX and Q* = 19.3 m3® d-' for SX under baseline assump-
tions. These thresholds provide a practical screening cri-
terion for deployment: below Q* the recovery module is
not viable at baseline performance, whereas above Q* it
becomes viable without requiring optimistic price as-
sumptions.

Figure 3 decomposes LCOGa into CapEx, OpEXx, re-
placement, and labour to better understand the major
cost drivers of the LCOGa. At Q = 10 m3.d~", labour and
annualized CapEx dominate for both routes (~30 %
each), consistent with a small-plant regime where fixed
and semi-fixed costs are spread over limited production.
At Q = 100 m3-d~", labour becomes less significant (~12-
13 %), while CapEx and OpEx dominate, explaining the
strong decline in €-kg~" with scale.

In this bottom-up model, most variable consump-
tions (electricity, reagents, membrane area, and separa-
tion materials) scale approximately with treated volume,
so returns to scale arise mainly from dilution of
fixed/semi-fixed costs rather than improved specific
consumptions. Parts of the installed equipment are also
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discretely sized (e.g., standard pumps/ancillaries), such
that selected items can cover a wide operating window
and contribute similar installed costs at Q = 10 and 100
m3-d-", producing stepwise CapEx behaviour. Conse-
quently, within the two-train comparison, the most effec-
tive levers to reduce LCOGa are higher overall recovery
TR (dominated by separation) and reductions in labour
intensity and replacement burden.

C) Relative contribution to LCOGa
(Q=10 vs 100)

12% 14%
18% 9%

100 A

32% 33%

o]
o

12% 9%

o2}
o
1

N
o O

Relative contribution
to LCOGa [%]
N
o

IX@10 SX@10 IX@100 SX@100
Bl CapEx Re placement
B OpEx B Labour

Figure 3: (C) Relative contribution of aggregated cost
centres to the levelized cost of gallium (LCOGa) at two
representative scales (Q = 10 and 100 m3® d-") for both
routes

Deployment implications follow directly from the
controlled IX vs. SX comparison. First, throughput and
feed concentration jointly determine viability, as produc-
tion scales with Q and ces at fixed recovery (Eq. 2). Sec-
ond, within the two-train comparison the dominant tech-
nical lever is overall recovery TR, driven primarily by the
separation step; higher SX recovery would require addi-
tional stages and solvent inventory, introducing a clear
cost-recovery trade-off. Third, the strong cost decline
with scale indicates two regimes: at low feed flow rates,
fixed and semi-fixed costs (labour, annualised equip-
ment) dominate, whereas at higher feed flow rates con-
sumables and energy become increasingly important.

CONCLUSION

This study assessed the techno-economic feasibil-
ity of recovering 4N gallium from GaAs semiconductor
wastewater (cca = 34.6 mg-L™", pH = 3.8) across a
throughput range of 10-100 m3-d-". Under identical sys-
tem boundaries with shared pretreatment and down-
stream conversion, ion exchange (IX) achieves higher
overall recovery than single-stage solvent extraction
(SX) (80.40 % vs. 62.54 %), resulting in consistently lower
LCOGa across the evaluated range (144-563 €-kg~" for IX
vs. 161-701 €-kg~" for SX). This performance gap is driven
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primarily by the markedly higher single-pass separation
efficiency of IX (96.9% vs. 77.3% for SX), which domi-
nates recovery losses and propagates directly into total
plant recovery and cost. Compared against a representa-
tive 4N gallium market price of 423 €-kg~", the corre-
sponding break-even throughputs are Q* ~ 14.2 m3.d-"
for IX and 19.3 m3.d~' for SX, providing a transferable
proof-of-concept blueprint for bolt-on integration of gal-
lium recovery into semiconductor fabrication facilities.
Future work should quantify environmental perfor-
mance and investigate the cost-recovery trade-offs of
multi-stage SX configurations to overcome single-stage
limitations. In parallel, sensitivity analyses should be used
to test the robustness and transferability of these find-
ings across different wastewater flow rates, gallium con-
centrations, and semiconductor wastewater chemistries,
and to explore their implications for wider deployment of
gallium recovery across the semiconductor industry.

DIGITAL SUPPLEMENTARY MATERIAL

The Python code and input files required to repro-
duce the results of this study are available at:
https://github.com/Kilian-Kozerke/escape36-gallium-tea
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