Resources, Conservation & Recycling 225 (2026) 108630

Contents lists available at ScienceDirect

Resources, Conservation & Recycling

ELSEVIER

journal homepage: www.sciencedirect.com/journal/resources-conservation-and-recycling
Full length article , '.) ;
Stability assessment of layer-by-layer nanofiltration membranes for

element recovery from highly acidic media

a,i

Meret Amrein ™', Karina Rohrer , Dirk Hengevoss °, Tobias Miiller °, Bastien Vallat®,
Dalila Rocco *®, Michael Thomann ?, Frank Niiesch ", Sebastian Hedwig > ®, Markus Lenz -

2 Institute for Ecopreneurship, School of Life Sciences, University of Applied Sciences and Arts North-western Switzerland, Hofackerstrasse 30, 4132 Muttenz, Switzerland
Y EPFI, Institute of Materials Science and Engineering, Ecole Polytechnique Fédérale de Lausanne, Station 12, Lausanne 1015, Switzerland

¢ Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Functional Polymers, Diibendorf 8600, Switzerland

4 Department of Environmental Technology, Wageningen University & Research, P.O. Box 17 6700 AA, Wageningen, Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Thin-film photovoltaics
Critical raw materials
Element recovery
Hydrometallurgy
Circular economy

Life cycle assessment
Recycling

The recovery of critical raw materials such as indium (In) and silver (Ag) from end-of-life thin-film photovoltaics
is essential for supporting the growing demand for renewable energy technologies. This study evaluates the acid
stability of layer-by-layer nanofiltration (LbL-NF) membranes for metal recovery from acidic leachates to identify
a sustainable alternative to conventional methods. Among various configurations, sSPES(PAH/PSS)s membranes
exhibited outstanding resistance and long-term stability (> 300 h) in 5 % HNOs, which potentially enables the
recovery of 9100 g In and 6600 g Ag per m* of membrane. A life cycle assessment indicated a 34 %-46 %
reduction in the global warming potential (GWP) of recycled Ag and a 40 %-50 % reduction for recycled In
compared with the supply mix under modelled conditions. For Ag, the GWP was 137 g and 123 g COz-eq/g at 70
% and 80 % LbL-NF permeate recovery, respectively. For In, the GWP was 50 g and 55 g COz-eq/g at 70 % and 80
% recovery, respectively. These results highlight the climate benefits of LbL-NF membranes in circular resource

recovery from end-of-life photovoltaics, which helps to identify key hotspots for optimisation and scale-up.

1. Introduction

The demand for efficient renewable energy technologies is high, and
production is expected to increase. (Overview and key findings — World
Energy Investment 2024) All renewable energy technologies rely on raw
materials, rendering a functioning supply chain crucial for reaching
climate change goals. (Directorate-General for Internal Market 2023;
Lundaev et al., 2023) Moreover, some raw materials (e.g., lithium, co-
balt, silicon and rare-earth elements) (Pommeret et al., 2022; Yu et al.,
2023; Binnemans et al., 2015; Bae and Kim, 2021) are concurrently used
in various other industrial applications, and their demand is expected to
exceed primary production. (Schmidt et al., 2019; Rizos et al., 2024) The
supply of raw materials in the European Union (EU) has been assessed
under the Raw Material Initiative since 2008. Materials with an
above-average economic importance and high supply risk are consid-
ered critical raw materials (CRMs). (Directorate-General for Internal
Market 2023; European Innovation Partnership on Raw Materials. Raw
Materials Scoreboard 2021) CRMs often represent limiting factors for
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specific applications and sectors. (Pommeret et al., 2022) Hence, effi-
cient low-cost recycling strategies for (critical) raw materials from
end-of-life products will be essential to secure CRM supply and tech-
nological development in the future. (Lundaev et al., 2023) In response,
the European Commission has issued the 2023 Critical Raw Materials
Act, which dictates the recycling of at least 25 % of strategic raw ma-
terials (i.e., CRMs plus additional elements of strategic importance)
(Directorate-General for Internal Market 2023).

This study focuses on the recycling of indium (In) and silver (Ag). Ag
is used in electrodes for ‘conventional’ (silicon) photovoltaics as well as
thin-film photovoltaics (TFPV). Due to its outstanding electric conduc-
tivity and electronic properties, Ag is used as an electrode material in
highly efficient electronic products, the demand for which, along with
TFPV, is expected to increase. (Lundaev et al., 2023; Newman et al.,
2021) In is also used in electrode materials of TFPV, as well as in
touchscreens and flatscreen monitors. (Park et al., 2023; Zhang et al.,
2021) For both elements, there is competition for different end uses,
which makes it challenging to predict future supply and demand.
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(Lundaev et al., 2023; Schmidt et al., 2019; Zhang et al., 2021) With
photovoltaic (PV) energy representing one of the cheapest energy
sources available and driving the clean energy transition, (Renewables
2024) the demand for both elements will certainly increase in the years
to come. Among the different TFPV technologies, ‘perovskite’ PVs in
particular are expected to grow strongly in market share in the up-
coming years. (Case et al., 2019; Li et al., 2020) The time point at which
the demand for the two raw materials will actually exceed primary
production has been the focus of several studies, (Wagner et al., 2023;
Goldschmidt et al., 2021; Sverdrup et al., 2024; Apergis and Apergis,
2019; Click et al., 2024) although predictions remain difficult due to the
complexity of the problem and various technical, economic, social,
geological and geopolitical factors.

One direct measure to decrease supply risk is through recovering
materials through recycling. In the EU, the current end-of-life (EOL)
recycling rates (RR) of In and Ag are still low. While In is hardly recycled
on an industrial scale (EOL RR = 0 %), Ag recycling is already estab-
lished on a larger scale (EOL RR = 55 %). (European Innovation Part-
nership on Raw Materials. Raw Materials Scoreboard 2021) However,
the contribution of Ag recycling to material need (i.e., the so-called ‘EOL
recycling input rate’) is considerably lower (~19 %). Thus, for both
elements, improved recycling strategies are urgently needed.

Different options for metal recovery exist, and pyro- and hydro-
metallurgical processes are well established on an industrial scale for
most metals. Hydrometallurgical processes have shown high flexibility
while having lower energy impact than high-temperature pyrometal-
lurgical processes. (Zheng et al., 2023; Mejias et al., 2023) In hydro-
metallurgy, metals are commonly dissolved in aqueous media and
purified (e.g., by solvent extraction or ion exchange). (Free, 2022) In
contrast, the separation principle of nanofiltration (NF) is based on size
and ion selectivity and therefore fundamentally different from classical
hydrometallurgy. (Yaroshchuk et al., 2019) In NF membranes, the
presence of a charged active layer causes electrostatic repulsion, which
enhances the retention of multivalent ions (such as Mg2+ or In®t) while
allowing monovalent ions (such as Ag") and uncharged species,
including non-dissociated acids and impurities, to permeate through the
membrane. (Amrein et al., 2025) NF has gained increasing interest in the
treatment of various acidic waste streams, as it can complement classical
hydrometallurgy and thereby contribute to circular hydrometallurgy.
(Botelho Junior et al., 2023; Hedwig et al., 2022; Zimmermann et al.,
2014)

Conventional thin-film composite (TFC) NF membranes typically
feature polyamide active layers, which lack stability in highly acidic
environments (pH < 2). To address this limitation, alternative materials,
such as polyamines, polyureas and polysulfonamides, have been devel-
oped for improved acid resistance. (G. Bargeman, 2021)

However, commercially available acid-resistant NF membranes often
suffer from low permeability and require high operating pressure (20-40
bar), especially when operated in highly saline conditions. (Hedwig
et al., 2022; Chen et al., 2023) Thus, the required electricity consump-
tion of NF can be substantial, jeopardising the (economic) viability of its
implementation. (Park et al., 2017) In contrast, layer-by-layer (LbL) NF
membranes represent a promising low-cost alternative, as they are
known to exhibit high permeability and require low transmembrane
pressure (TMP) at comparable separation performance. (Scheepers
et al., 2024) It has been shown that due to low TMP and high perme-
ability, energy consumption could be considerably reduced when using
LbL membranes instead of conventional NF membranes. (K. Remmen
et al,, 2019; Amrein et al., 2025) LbL membranes are produced by
deposition of alternately charged polyelectrolyte (PE) layers on an ul-
trafiltration (UF) membrane substrate. (K. Remmen et al., 2019) Thus,
LbL membranes offer the opportunity to alter separation performance by
changing the type of PE, the amount of PE bi-layers (BL) and the coating
conditions (e.g., salt concentration in the coating solution). (Paltrinieri
et al., 2019; Yu et al., 2024) Overall, LbL. membranes are a promising
technology for future NF applications. However, they are known to
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suffer from instability when used in highly saline or strong acidic solu-
tions. (Chen et al., 2023; Lee et al., 2023; Remmen et al., 2020) As
extractive hydrometallurgy commonly relies on acidic media and/or
concentrated solutions, LbL. membrane stability remains a crucial chal-
lenge for large-scale application in this field. (Jonkers et al., 2023;
Botelho Junior et al., 2023)

Therefore, this study systematically analyses the stability of LbL
membranes in various highly concentrated inorganic acids (hydrochlo-
ric, sulfuric, phosphoric and nitric acid). The primary objective is to
identify LbL membranes capable of withstanding concentrated acidic
solutions as typically used in hydrometallurgical processing. To achieve
this, the filtration performance of LbL membranes with different con-
figurations was evaluated before and after acid exposure through mag-
nesium (Mg2+) retention and permeate flux. One of the membranes
showing partial resistance to the harshest conditions was subjected to an
equimolar saline solution, shedding light on possible degradation
mechanisms. Subsequently, the most stable membrane was tested for the
recovery of In and Ag from highly acidic (5 % HNOs) EOL TFPV
leachates in a long-term (300 h) filtration experiment. In addition, this
study assesses the environmental performance of the recovery approach.
A life-cycle assessment compared the environmental impacts of LbL-
based recycling with those of primary mining.

2. Methods
2.1. Chemicals and materials

For acid stability experiments, HNO3 (67 %, trace metals grade,
Sigma-Aldrich, Basel, Switzerland), HCl (32 %, semiconductor grade,
Honeywell, Basel, Switzerland), HySO4 (95 %-97 %, ACS, ISO, Reag. pH
Eur, Sigma Aldrich, Basel, Switzerland) and H3PO4 (85 wt % in H5O,
99.99 % trace metals basis) were diluted in nanopure water to obtain a
concentration of 10 wt % for each solution.

2.2. Analytical methods

All metal analyses were performed on a 5800 ICP-OES system (Agi-
lent, Basel, Switzerland) using general-purpose operational settings.
Quantification was performed via external calibration with multi-
element standards using Mg (279.800 nm), Ag (328.068 nm) and In
(230.606 nm). Y (371.029 nm) was used as an internal standard to ac-
count for the matrix effects. All elements were measured in axial and
radial modes.

2.3. Membrane support

Polyethersulfone (PES) and sulfonated polyethersulfone (sPES)-
based hollow fibre membranes provided by Pentair (Enschede,
Netherlands) were used as a support structure to prepare LbL, mem-
branes (see Section 2.4). The PES membrane had a molecular weight cut-
off of 100 kDa and a pure water permeance of 1100 L m 2 h™! bar %,
while the sPES membrane had a cut-off of 10 kDa and a pure water
permeance of 80 L m 2 h™! bar~!. The membranes were potted in
modules containing one fibre each. Each hollow fibre had an inner
diameter of 0.8 mm and a length of 300 mm. This resulted in a total
membrane surface of 7.5 cm? per module. After potting, the uncoated
membranes were immersed in deionised water overnight.

2.4. Layer-by-layer membrane modification

Coating of the UF membrane substrate with polyelectrolytes (PEs)
was carried out dynamically using a custom-made set-up in which dead-
end filtration was applied to concentrate the PE inside the lumen of the
membrane. (K. Remmen et al., 2019) The positively charged PE was
either poly(diallyldimethylammonium) chloride (PDADMAC: MW =
400-500 kDa, 20 % in water) or polyallylamine (PAH; MW = 65 kDa, 10
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wt % in water). The negatively charged PE was poly(sodium styr-
enesulfonate) (PSS; MW = 1000 kDa, 25 wt % in water). All chemicals
were purchased from Sigma-Aldrich (Buchs, Switzerland). The oppo-
sitely charged PEs were diluted in a NaCl solution (0.5 M) and alter-
nately coated onto the membrane, starting with the positively charged
PE and always terminated with PSS. The pH of the coating solution was
neutral. After each coating cycle, the membrane was flushed with
deionised water until conductivity below 7 pS cm™! was reached. The
conductivity was measured using a GMH 3451 conductivity meter
(Greisinger, Regenstauf, Germany).

2.5. Membrane filtration

A custom-made testing device was used for filtration (Figure S1). Ata
TMP of 5 bar, a BVP-Z gear pump (Ismatec, Switzerland) was used to
establish the desired crossflow velocity for operation in turbulent mode.
Experiments were performed in batch circulation mode, with the
concentrate fed back into the feed vessel. Elemental retention was
determined in cross-flow mode. At a TMP of 5 bar, the flow rate was 90
mL min ' (cross-flow velocity = 2.65 m s’l), resulting in a turbulent
flow (Reynolds number > 2300). Each LbL, membrane modification was
performed in triplicate. Experiments were performed at room
temperature.

Ion concentrations in the permeate and the retentate were used to
calculate the retention value (Equation S1). (K. Remmen et al., 2019)
The permeate flux was determined as the collected permeate volume
over time and indicated in L m™2 h™! (LMH, Equation S3). The per-
meance was calculated as the permeate flux normalised by the applied
pressure (equation S4).

2.6. Feed solutions

Mg retention was determined using a MgSO4 feed solution (0.05 M).
MgS04-7 H30 (> 99 %, p.a. ACS) was dissolved in nanopure water. The
pH of the feed solution was neutral. Long-term acid resistance filtration
and permeate recovery experiments were performed using a model so-
lution based on an acidic perovskite solar cell (PSC) extraction compo-
sition. In(NO3)s3 x HpO (99.99 % trace metal basis, Sigma-Aldrich,
Switzerland) and AgNO3 (99.99 % trace metal basis, Sigma-Aldrich,
Switzerland) were dissolved in HNO3 (5 % w/w) targeting final con-
centrations of 1 g/L for both Ag and In.

2.7. LbL stability experiments

Stability experiments of LbL. membranes were conducted as follows:
First, membrane filtration experiments (described in Section 2.5) were
conducted to determine Mg?" retention and permeate flux of untreated
membranes. Subsequently, LbL. membranes were immersed in 10 % HCI,
10 % HNOs3, 10 % H3SO4 and 10 % H3POy, respectively, for 15 h. After
acid exposure, LbL. membranes were rinsed with nanopure water for at
least 20 min before membrane filtration experiments were conducted
again to determine Mg?" retention and permeate flux of acid-treated
membranes. All membranes were tested in triplicate.

2.8. Element recovery filtration experiments

Before filtration, the membranes were rinsed with deionised water
for 20 min. When the filtration was run in continuous filtration mode,
the permeate flowed back into the feed tank and the retentate was
therefore not concentrated over time. In contrast, the permeate was
collected during the permeate recovery experiments. The permeate re-
covery was calculated as the ratio of the collected permeate to the initial
feed volume (Equation S2). Filtration tests were performed until a
permeate recovery of 70 % was reached. Samples were taken after every
10 % of permeate recovery.
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2.9. Life cycle assessment analysis

A life cycle assessment (LCA) was conducted to identify the envi-
ronmental hot spots of the In and Ag recovery processes (as In(OH)3 and
AgCl) presented in this study and to compare their environmental im-
pacts with those of primary In and Ag production and other recycling
alternatives reported in the literature. The LCA followed ISO
14,040:2006 standard guidelines (ISO 2025) and was performed using
SimaPro software (version 9.6.0.1) combined with the Ecoinvent
(version 3.10) database. The global warming potential over 100 years
(GWP100) was calculated using the IPCC 2021 method and expressed in
gCOz-eq. (Intergovernmental Panel On Climate Change (Ipcc) 2023) The
functional unit was 1 g of recovered In or Ag. The environmental foot-
print (EF) method was used for sensitivity mainly to demonstrate the
correlation of GWP with other environmental impacts. (European
Commission 2023) Other sensitivity analyses examined key assumptions
such as microfiltration (MF) membrane lifetime (MLT) and permeate
recovery rates of 70 % or 80 % in the LbL-NF step, resulting in an overall
recovery rate of 60 %69 % for Ag and 84 % for In (Hawach Scientific
2024) The LbL-NF permeate recovery was based on experimental values
(70 %) and modelled at a higher recovery of 80 % to show potential
benefit from improved performance at the industrial scale. The lifetime
of the LbL membrane was set to 300 h, as assessed experimentally. Two
membrane lifetime scenarios (MLT1 = 300 h and MLT2 = 3 months)
were assumed for the MF membranes used for solid-liquid separation.

The impact along the recycling process was allocated among the
different outputs based on economic value (Fig. 1 and Table S1). The life
cycle inventory (LCI) was expanded based on the process flow chart in
Fig. 1. More details on the LCA definitions, LCI and life cycle impact
assessment can be found in the supplementary information (Section S2).

3. Results
3.1. Membrane stability screening

The stability of the LbL membranes against different mineral acids
was determined from the change of Mg?" retention and permeate flux
after 15 h of acid exposure to the respective acids (Fig. 2, Table S3).
Thus, the LbL membrane stability was divided into three categories.
Membranes with a change in Mg?" retention of + 0.1 were defined as
stable and membranes with a change of Mg?" retention of >0.3 were
defined as unstable. Membranes with a change of Mg?* retention be-
tween 0.1 and 0.3 were defined as metastable (i.e., showing some signs
of degradation). Consequently, some membranes that showed stable
retention (< 0.1) but a substantial increase in flux (> 10 LMH) were also
classified as metastable.

Clear tendencies could be observed concerning the acid stability of
different LbL. membrane compositions (including the UF substrate and
PE combinations) as well as the effect of the tested acids. It was observed
that sPES-based LbL membranes generally exhibited higher stability
than PES-based membranes (Fig. 2, Table S3). As such, only up to a 0.3
drop in Mg?" retention was observed for sPES, whereas the highest Mg?*
retention drop for PES-based membranes was 0.46. Similarly, sPES-
based membranes showed only a moderate increase in flux (up to 16
LMH relative to the initial flux), whereas the strongest increase in flux of
PES-based membranes was sizably higher (131 LMH of initial; Fig. 2).
Furthermore, LbL. membranes using polycation PAH were considerably
more stable than LbL membranes using polycation PDADMAC. In these
experiments, unstable membranes were observed only for PES(PAH/
PSS)4, which was immersed in HCL In contrast, membrane instability
was observed for all membranes using PDADMAC, which were
immersed in HCI and HNOs. Overall, the sPES(PAH/PSS),4 membrane
showed the highest stability in all tested acids, as the change in Mg2"
retention and flux was the least pronounced in the current experiments
for sPES(PAH/PSS)4. In contrast, the strongest change in retention and
flux was observed when using a PES(PDADMAC/PSS)¢ membrane.
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Fig. 1. Flowchart of the recycling process steps showing the mass change of In, Ag and Pb in grams recovered from 1 m? of TFPV along the recycling process at
prospective recovery rates of 70 % Ag and 97 % in LbL-NF. MFx: microfiltration step x; AL: acid leaching; LbL-NF: layer-by-layer nanofiltration. The overall recovery
rate of the recycling process, therefore, is 60 % for Ag and 84 % for In Only elemental yields and masses are considered in this figure; however, the metals are
recovered in the form of In(OH)s and AgCl, which require additional refining to obtain pure elements. (Zheng et al., 2023; Oliveira et al., 2020).
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Fig. 2. Difference of Mg2+ retention (A) and permeate flux (B) before and after
acid exposure for all tested LbL. membranes and acids. The limits for membrane
stability, metastability and instability are marked in the graphs.

Regarding the type of acid, the highest impact on stability was
observed after immersion in 10 % HCI, where membrane instability was
observed for all tested membranes except sSPES(PAH/PSS)4, which was
classified as metastable. A considerably higher stability was observed for
all other acids. In addition, HNOg3 exposure resulted in stronger mem-
brane instability when using PES(PDADMAC/PSS)¢, while the other
membranes showed similar stability towards HNO3, HySO4 and H3PO4.
In summary, the following tendencies have been observed for the sta-
bility of LbL membranes using pre-filtration exposure to different acids:

e sPES > PES
e PAH > PDADMAC
e H3PO4 =~ HySO4 > HNO3 > HCI

3.2. Effect of salinity on LbL membrane stability

Immersion of a PES(PAH/PSS)4 membrane in 2.87 M NaCl (corre-
sponding to the chloride concentration of 10 wt % HCI) resulted in a
considerable decrease in Mg?" retention from 0.81 =+ 0.05 before to 0.57
+ 0.07 after NaCl immersion (Table S4). At the same time, the flux
increased substantially from 32.0 + 0.3 to 52 + 2 LMH. However, the
retention drop was smaller compared with immersion in 10 % HCI,
where Mg " retention decreased from 0.88 + 0.01 before to 0.42 + 0.05
after HCI immersion.

3.3. Element recovery by LbL membrane filtration

As sPES(PAH/PSS), was determined to be the most stable of the
tested LbL membranes, its long-term stability was evaluated in a model
solution containing 5 wt % HNO3 and 1 g/L each of In and Ag (present as
ionic In®* and Ag™). (Amrein et al., 2025) When operated in continuous
filtration mode (i.e., returning the permeate to the feed tank), In®* and
Ag* retention remained stable (0.96 + 0.03 for In>" and 0.0 + 0.1 for
Ag™) over >300 h of filtration (Fig. 3).

Additionally, In* retention (0.991 + 0.001 in both the first and
second filtrations) and Ag* retention (0.02 + 0.03 in the first filtration
and 0.00 £+ 0.03 in the second filtration) remained stable over 70 %
permeate recovery (Fig. 4). Within the standard deviation range, the
permeate fluxes during both filtrations were similar (22 + 1 LMH in
each case; Fig. 4C), although a slightly steeper decline towards the end
of the second filtration was noted.
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Fig. 3. Long-term (300 h) In and Ag retention (5 % HNO3, pH 0) of a sPES
(PAH/PSS)4 LbL membrane.
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3.4. Life cycle impact assessment (LCIA)

3.4.1. Environmental impacts of In and Ag

In the first scenario (MLT1; MF membrane lifetime of 300 h,
matching LbL stability; Fig. 3, Table 1), the GWP100 for In was 60 g and
55 g CO2-eq/g at 70 % and 80 % permeate recovery, respectively. For
Ag, the GWP100 was 137 g and 123 g COz-eq/g at 70 % and 80 % re-
covery, respectively.

In the second scenario (MLT2; MF membrane lifetime of 3 months;
Table 2), the GWP100 for In was 58 g and 54 g CO2-eq/g at 70 % and 80
% permeate recovery, respectively. For Ag, the corresponding values
were 132 g COz-eq/g and 121 g COz-eq/g.

3.4.2. By-products

For Pb, the LbL-NF process achieved a GWP100 of 1.20 x 10! and
1.17 x 107! g COz-eq/g for MLT1 and MLTZ2, respectively. Glass cullet
recovery (glass mixture containing 13 % of total Ag and In) showed
negligible contributions, ranging from 1.14 x 1072 t0 1.29 x 102 g
CO:z-eq/g depending on the permeate recovery and MLT scenario.

4. Discussion
4.1. Design of acid-stable LbL membranes

Among the tested membranes, sSPES(PAH/PSS). showed the highest
stability across all acids. It was the only membrane to maintain high
stability in HNOs, whereas others (e.g., PES(PAH/PSS)s) exhibited a
<0.12 reduction in Mg retention. After exposure to H2SOa4 or HsPOs,
most membranes showed only minor retention decreases, but sPES
(PAH/PSS). uniquely maintained permeate flux. In HCl, Mg** retention
dropped by only 0.10, confirming its exceptional acid resistance.

Compared with thin-film composite (TFC) NF membranes tested
under similar acidic conditions (Yin et al., 2025; Lasisi et al., 2025)
(Table S5), sPES(PAH/PSS). showed superior retention stability. For
example, after HNOs exposure, Yin et al. reported a 7 % decrease in Mg?*
retention and ~40 % increase in permeance (Table S5), (Yin et al., 2025)
while the sPES(PAH/PSS)s membrane experienced only a ~1 % reten-
tion loss and a ~38 % permeance increase (Table S3). Lasisi et al.
observed minimal retention changes in a PSF/b-PEI/CC TFC membrane
but with a 13 % permeance increase (Table S5). (Lasisi et al., 2025) Both
TFC membranes had higher permeabilities (2.2 times and 6 times that of
SPES(PAH/PSS)a). (Yin et al., 2025; Lasisi et al., 2025)

The PE pair PAH/PSS was generally more acid-stable than PDAD-
MAC/PSS (Fig. 2, Table S3), likely due to higher intermolecular binding
strength. (J. Fu et al., 2017) Aside from the PE type, the sPES-based LbL

A B
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Table 1
LCIA results (EF score and GWP100) per gram of material output under the
MLT1 scenario, comparing LbL-NF permeate recovery yields (70 % vs 80 %).

LbL-NF Permeate 70 % 80 %
Recovery
Material Total GWP 100 EF GWP 100 EF
Yield [g COz-eq/ [pPt/g] [g COz-eq/ [uPt/g]
gl gl
Ag 60 %-69 1.37 x 102 1.21 x 10! 123 x 10>  1.09 x 10!
%
In 84 % 595 x 10" 517 x 10° 5.5 x 10"  4.76 x 10°
Pb 100 % 1.20 x 1.07 x 1.20 x 1.07 x
107! 1072 107! 1072
GC 100 % 1.29 x 1.14 x 1.16 x 1.02 x
1072 1072 1072 1073
MLT1: Microfiltration and LbL membrane lifetime of 300 h. The LbL-NF

permeate recovery directly influences the Ag yield and indirectly affects the
impacts of In and GC through allocation changes. Climate change accounted for
~30 % of total EF impacts, followed by fossil resource use (~30 %).

Table 2
LCIA results (EF score and GWP100) per gram of material output under the
MLT2 scenario, comparing LbL-NF permeate recovery yields (70 % vs 80 %).

LbL-NF Permeate 70 % 80 %
Recovery
Material ~ Total GWP 100 EF GWP 100 EF
Yield [g COz-eq/ [uPt/g] [g COz-eq/ [uPt/g]
gl gl
Ag 60 %69 1.32 x 10> 1.16 x 10" 1.21 x 10>  1.07 x 10"
%
In 84 % 5.80 x 101 4.98 x 10°  5.40 x 10! 4.68 x 10°
Pb 100 % 1.17 x 1.04 x 1.17 x 1.04 x
107! 1072 107! 1072
GC 100 % 1.26 x 1.11 x 1.14 x 1.00 x
1072 1073 1072 1073

MLT2: Microfiltration membrane lifetime of 3 months (2160 h),* LbL mem-
brane lifetime of 300 h; GC: glass cullets. The LbL-NF permeate recovery directly
influences the Ag yield and indirectly affects the impacts of In and GC through
allocation changes. Climate change accounted for ~30 % of total EF impacts,
followed by fossil resource use (~33 %).

membranes were generally more acid stable than those based on PES.
Hence, Mg?" retention dropped more for PES-based membranes
compared to those made of sPES. Here, most likely, sulfonation sub-
stantially improved the binding forces of sPES to polycations (and thus
PEs) by creating a strongly negatively charged membrane surface. (de
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Fig. 4. Comparison of the retention (A), metal concentration (B) and flux (C) of a SPES(PAH/PSS), LbL membrane over 70 % permeate recovery, where (1) shows the

first recovery test and (2) the second one performed with the same membrane
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Grooth et al., 2015; M.G. Elshof et al., 2020) While sPES(PAH/PSS)4 was
the most stable membrane, PES(PDADMAC/PSS)s showed the highest
stability loss.

Importantly, PAH forms stronger ionic interactions with PSS than
PDADMAC, due to higher charge density and lower steric hindrance of
the primary amine groups, resulting in enhanced membrane stability. (J.
Fu et al., 2017) Previous studies have shown that PE complexes with
stronger ion pairing (i.e., higher binding strength) are more resistant to
swelling and delamination in harsh ionic environments. (Chen et al.,
2023) Thereby, the strength of ion pairing can be quantified via the
Gibbs free energy of polyelectrolyte association (AG°,), which reflects
the difference in binding strength between PAH/PSS (AG°; = —6.34
kJ/mol) and PDADMAC/PSS (AG°q = —2.19 kJ/mol). (J. Fuet al., 2017)
Based on this, PE pairs with high AG°, could result in highly acid-stable
LbL membranes, suggesting that substitution of PAH with polyvinyl
amine (PVA) could be an interesting option (AG°, (PVA/PSS) = —7.10
kJ/mol). (J. Fu et al., 2017)

Furthermore, it has been shown that considerably lower polycation
concentrations were required for comparable ion retention when using
PE pairs with stronger ionic interaction. (Paltrinieri et al., 2019) Indeed,
in this study, the amount of PAH used per coating layer (0.2 g/m?) was
10 times lower than the respective amount of PDADMAC (2 g/mz).
Additionally, for (PAH/PSS)-based membranes, four BL were found
sufficient for high Mg2" retention, while at least six BL were necessary
with the combination (PDADMAC/PSS) to achieve similar results.
Hence, aside from the higher acid stability, using (PAH/PSS) allows for
lower material requirements at higher retention.

LbL membranes are known to suffer from stability issues in acidic
and saline solutions. The phenomenon commonly referred to as ‘doping’
(i.e., the breaking of ionic bonds between PE pairs) has been determined
as the main instability mechanism of LbL membranes in highly saline
solutions. (Fu and Schlenoff, 2016) Doping weakens intrinsic bonds (i.e.,
PE-PE), resulting in a looser LbL membrane structure and swelling,
which is frequently reported. (Chen et al., 2023; Remmen et al., 2020)
The doping rate depends on different factors. On the one hand, PE pairs
with a higher binding strength (i.e., the Gibbs free energy of PE asso-
ciation) have shown higher resistance against doping. (J. Fuetal., 2017)
On the other hand, it has been shown that the ability of ions to associate
with PE charges could be characterised with the Hofmeister series,
where chaotropic ions (e.g., Br~, SCN™, CI™ or NO3) have a higher af-
finity for doping than kosmotropic ions (e.g., C0%, S0%~ and $,0%37).
(O’Neal et al., 2018) Consequently, similar effects have been observed in
acidic media, where swelling of the LbL coating layer and change in
surface morphology have been observed, resulting in higher perme-
ability of the membrane. (Remmen et al., 2020) Furthermore, differ-
ences in the stability of LbL membranes have been explained by
differences in the electrostatic interactions between the PE. (M.G. Elshof
et al., 2020) However, in-depth analyses of LbL stability in highly acidic
environments have rarely been reported.

Based on the aforementioned observations, HNOs and HCl were
expected to destabilise the PE coating the most, due to their chaotropic
corresponding bases (NO3 and Cl ™, respectively; Figure S2). (Chen et al.,
2023) Indeed, Mg?" retentions dropped the most after immersion in HCI
or HNOj3 (Fig. 2, Table S3). Notably, the retention decreased more after
HCI exposure, which was likely due to the higher molarity of 10 % HCI
(2.87 mol/L vs 1.67 mol/L for 10 % HNO3). In contrast, under the
current conditions H3PO4 (10 % and 1.08 mol/L) and H2SO4 (10 % and
1.09 mol/L) were largely present as neutral H3PO4 and monovalent
HSOj%, which have a lower affinity to interpenetrate the PE bi-layers and
compensate the PE charges extrinsically. Additionally, HoPOZ and SO5~
were expected to occur at lower concentrations (Figure S2), and both
were more kosmotropic than NOs and Cl ™, resulting in a weaker doping
effect. (Chen et al., 2023) Indeed, after exposure to phosphoric and
sulfuric acid, the stability was still high for all LbL. membranes.

This experiment mainly considered anions, as previous studies have
usually reported stronger doping effects for these than for cations.
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(O’Neal et al., 2018) However, H' ions might have additional effects on
membrane stability, such as the protonation of the anionic sulfonate
moieties of PSS. The sulfonic acid groups of PSS have a pKa of 1;
therefore, protonation of the sulfonate may occur at a very low pH (as in
this study). (PDF 2022) To quantify the destabilising effect of cations
compared to protons, Mg?" retention was measured before and after
immersion of a PES(PAH/PSS); membrane in 2.87 M NaCl and
compared to HCl exposure (Table S4). Likewise, a considerable decrease
in Mg?" retention was observed after NaCl exposure, indicating the
strong doping effect of C1~ anions. However, the decrease in retention
after HCl immersion was greater, likely due to the protonation of PSS by
free H'.

In summary, the factors affecting LbL. membrane stability can be
predicted with theoretical assumptions. However, the current work
identified general trends rather than statistically significant differences.
Further research is needed to increase the statistical robustness of the
findings. Furthermore, the current work aligns with previously reported
studies. (K. Remmen et al., 2019; Paltrinieri et al., 2019; Remmen et al.,
2020; G. Bargeman, 2021) As found in this study, significant stability
issues have already been reported when applying LbL membranes for the
filtration of HCI waste streams. (K. Remmen et al., 2019) Thus, strong
dilution and neutralisation of the feed solutions were necessary to allow
stable filtration. Hence, commercial acid-resistant NF membranes might
be better suited for the filtration of HCl (waste) streams. (Hedwig et al.,
2022; S. Hedwig et al., 2023) In contrast, highly stable LbL. membranes
for the application in H3PO, waste streams have been reported.
(Remmen et al., 2020) These results indicate that considering the feed
matrix is crucial for the application of LbL membranes.

4.2. Application of highly stable LbL-NF membranes for In and Ag
recovery from EOL PSC

The current study follows up on previous work in which a proof-of-
concept recycling process for In and Ag from EOL perovskite solar
cells (PSC) was developed using acidic extraction with HNO3 and LbL
NF. (Amrein et al., 2025) HNOj3 has been frequently reported as a matrix
in hydrometallurgical processes for both In and Ag. (Fthenakis et al.,
2020; Savvilotidou and Gidarakos, 2020) The combination of high
oxidation potential and strong acidity facilitates fast leaching kinetics
using HNOs. One main advantage of HNO3 compared to other inorganic
acids is its ability to dissolve metals efficiently. (Oliveira et al., 2020;
Fthenakis et al., 2020) Particularly for the extraction of Ag, HNOj3 is one
of the few choices due to its formation of soluble silver nitrate (AgNO3)
instead of poorly soluble salts like AgCl. (Oliveira et al., 2020) Hence,
the stability of the LbL membrane in HNOs is of particular interest. In
this study, the most stable LbL. membrane in HNO3 had the configuration
SsPES(PAH/PSS)4 and was therefore selected for long-term filtration
experiments.

All long-term filtration experiments have confirmed the high sta-
bility of sPES(PAH/PSS)4 over the entire filtration period (> 300 h).
When running the filtration in continuous mode (i.e., recirculating the
permeate and without concentrating the feed), In®" and Ag" retentions
were stable for >300 h (0.96 + 0.03 for In>* and 0.0 + 0.1 for Ag™).
Even at the termination of the experiment, no signs of degradation were
observed based on In* and Ag™ retentions (Fig. 3). Hence, a lifetime of
300 h can be assumed as a minimum and even longer filtration times
should be possible in practice.

Furthermore, in the permeate recovery experiments, the same
membrane was used to concentrate (70 % permeate recovery) two
batches of HNO3 (5 wt %) containing In3" and Ag™. Stable retentions of
In®* and Ag*were observed (Fig. 4A). Ag*was virtually not retained,
resulting in no considerable change in its concentration in the retentate
(Fig. 4B). In contrast, In>* was almost completely retained, leading to a
3.3 times increase in its concentration (Fig. 4B). These results further
underline the stability of the sSPES(PAH/PSS)4 membrane in HNO3, and
its selectivity for multivalent over monovalent ions remains virtually
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unchanged. The permeate fluxes during both filtrations were similar
(Fig. 4C). As changes in neither the retentions of In** and Ag" nor in the
permeate fluxes were observed during the second filtration, membrane
fouling or scaling either did not occur or was negligible under the tested
conditions. Collectively, these results confirm the reusability and stable
separation performance of the sPES(PAH/PSS)s membrane in HNOs
during repeated batch operations. As permeate fluxes remained high
after 70 % recovery, future work could explore greater concentrations
by minimising system dead volume and increasing membrane area to
boost permeate generation.

Permeate fluxes remained high beyond 70 % recovery, indicating
that further concentration could be explored in future work. In the
present study, however, concentration was limited by the experimental
design, which required sufficient volume for turbulent cross-flow and
stepwise sampling; with larger feed volumes and endpoint sampling,
higher concentration would have been possible.

Considering a minimal LbL membrane lifetime of 300 h and
measured permeate fluxes (22 LMH), a recovery of at least 6600 L
permeate/m? membrane area could be possible. At a 70 % permeate
recovery rate, this would translate into the recovery of approximately
9100 g In and 6600 g Ag before a membrane replacement would be
needed (for yields, see Fig. 1).

A key finding from the LCA was the identification of electricity
consumption as the predominant environmental impact of the recycling
process, accounting for approximately 75 %-85 % of the total GWP. The
largest share (around 47 %) of this electricity demand resulted from acid
leaching, which was modelled as a 24-hour process at 60 °C, with
approximately 23 % attributed to stirring and 24 % attributed to heat-
ing. Crushing of the solar cells also accounted for around 40 %, while the
remaining 13 % originated mostly from heating during lead extraction.
The filtration steps consumed <1 % of total energy, making their impact
negligible at the currently assumed recovery rates.

Compared to conventional NF, LbL-NF membranes in previous
studies have achieved equivalent separation at substantially lower
pressure (5 bar vs 30 bar), leading to reduced electricity use per volume
treated. (Hedwig et al., 2022; S. Hedwig et al., 2023) Improving the
efficiency of industrialised recycling and consequently reducing the
GWP of the extracted metals could be achieved by (1) increasing
permeate recovery through process optimisation, (2) using waste heat
from other processes at leaching (in the LCA, electric heating was
considered) and (3) using alternative approaches for separation of glass
from the solar modules (if the panels have not been damaged) to elim-
inate the need for crushing. However, given that crushing is a
well-established step in PV recycling facilities, replacing this technology
presents challenges. (Fthenakis et al., 2020, Sinha et al., 2018) Thus,
extending the lifetime of filtration membranes might be an option to
reduce impact, particularly since membranes are expected to be incin-
erated at their end of life. (Szekely et al., 2014; Sustainability in Mem-
brane Technology 2025)

With a focus on LbL membranes, this highlights the importance of
finding a good trade-off between highly stable and highly permeable LbL
membranes. Regarding the depicted scenario, an ideal candidate with
sPES (sPES (PAH/PSS)4 was found. Using alternatives to MF such as
vacuum belt filtration, filter presses or centrifugation is more suitable
for industrial scale production. (Rushton et al., 1996)

Although the electricity share of filtration was <1 % in the entire
recycling process considering the context of the experimental set-up, the
electricity consumption of industrial-scale membrane filtration can be
substantially decreased, compared to bench-scale filtration, through
optimised crossflow and design considerations. (S. Hedwig et al., 2023)

In the current process, LbL-NF separated In>* and Ag* effectively,
offering the permeate as a viable stream for reuse. Ag precipitation
methods such as with HCl/NaCl or electro precipitation do not signifi-
cantly alter the pH, enabling direct reuse of the permeate. (Oliveira
et al., 2020; Savvilotidou and Gidarakos, 2020) In contrast, In is usually
won by precipitation with NH4OH, neutralising the HNOj3 and
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impairing/preventing direct reuse. (Zheng et al., 2023) However, NF
considerably concentrates In>! in the retentate (more than threefold
concentration, Fig. 4B) and separates 70 % of the original volume with
the permeate. As a result, even if the retentate is lost by neutralisation,
most of the acid could still be reused, which would influence the yield of
Ag and reduce the GWP, as demonstrated in the sensitivity analysis. The
most important aspect will be the balancing of recovery yields and
energy/material consumption considering their environmental and
economic consequences.

Considering the supply mix of Ag and In and alternative e-waste
recycling approaches, Nuss and Eckelman (Nuss and Eckelman, 2014)
reported a GWP of 196 g COz-eq g™' for Ag sourcing — approximately 30
%-37 % higher than that achieved through the LbL-based recycling
process developed in this study. In addition, for In, the GWP was 102 g
CO2-eq/g, around 40 %-50 % higher than the GWP of the recycling
process under the modelled process conditions. (Nuss and Eckelman,
2014) An impact analysis by Farjana et al. (Farjana et al., 2019) of Ag
refining from established couple production of gold-silver from primary
resources reported a GWP of 815 g COz-eq/g. This value is almost a
factor 6 higher than the GWP of Ag recovered by the LbL membranes.

Luling et al. (Yu et al., 2019) reported the life cycle impacts of an
experimental recycling process for EOL liquid crystal display (LCD)
screens containing 326.98 mg In per kg of waste. The process involved
crushing, hydrothermal treatment and acid leaching. Based on their
reported GWP values — 6002 g COz-eq and 9620 g COz-eq per kg of
treated LCD waste — and then applying economic allocation using the
economic values considered in the present study, the resulting GWP per
gram of recovered In amounts to 11,000 g COz-eq/g and 17,700 g
CO2-eq/g, respectively. These values are approximately 220 and 354
times higher than those obtained for In recovery using the LbL mem-
brane process in this study. The considerable difference appears to be
primarily driven by higher reported electricity and chemical consump-
tion in the experimental LCD recycling approach.

Even though there are variations in GWP compared to the literature,
LCIA depends on model assumptions like flow inputs, outputs and
allocation parameters, and whether these are derived from experi-
mental/theoretical values. However, LbL-NF at high yields can be seen
as a low-impact process step in recycling Ag and In from EOL TFPV.
Finally, while GWP accounts for approximately 30 % of the total envi-
ronmental footprint, (European Platform on LCA | EPLCA 2025) it does
not capture all relevant impact categories. Midpoints such as resource
depletion accounting for around 33 % of total EF should also be
considered, particularly as the supply criticality of In and Ag may in-
crease substantially in the coming decades. From this perspective,
low-impact recycling will become even more important for reducing
overall environmental footprint and remains a key strategy for
improving the long-term sustainability of photovoltaic supply chains.

4.3. Further implications

The European Green Deal aims to reach climate neutrality by 2050 as
the promotion of renewable energy sources continues to grow. (Fetting,
2020) At the same time, the demand for raw materials and rare metals
will remain high, and the criticality of those used in clean technologies
may increase. (Pommeret et al., 2022) In and Ag may limit the
deployment for TFPV, particularly with perovskites on the rise. (Wagner
et al., 2023) Their recycling from EOL PSC will also be important from a
regulative perspective. (Directorate-General for Internal Market 2023;
Lundaev et al., 2023) To date, recycling rates of most CRMs are low,
especially since recycling is often not economically feasible and chem-
ical use is high. (Rizos et al., 2024; Baldassarre, 2025) Therefore, the
development of low-cost, low-energy recycling processes for CRMs from
secondary sources is in high demand. (Golzar-Ahmadi et al., 2024)
Importantly, in the current study, assumptions on element criticality,
raw material use and recycling rates were based on European data and
regulations. As such, a European energy mix was also used for electricity
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assumptions. However, it is expected that the situation will be similar in
many other parts of the world and the necessity for TFPV recycling
globally will be of high importance in the near future. (Baldassarre,
2025; Akcil et al., 2019)

With the increasing complexity of industrial waste products and
wastewater, the separation and recovery of metals using classical py-
rometallurgy or hydrometallurgy is becoming increasingly challenging.
(Isildar et al., 2018; Sica et al., 2018) As a result, multi-step processes
might be required, leading to high chemical and energy consumption
and, consequently, a high environmental impact and potential health
risks. (Agrawal and Sahu, 2009) In contrast, NF offers a chemical-free
way for separation and purification of dissolved metals, as well as for
recovery of acid from spent acidic solutions. (Botelho Junior et al., 2023;
G. Bargeman, 2021) NF can also be combined with classical hydro-
metallurgy, and it has been shown that the amount of chemicals
required for solvent extraction or precipitation could be considerably
reduced after concentration of a waste stream by means of NF. (Hedwig
et al., 2022; Zimmermann et al., 2014)

This study has shown that highly stable LbL-NF membranes can be a
promising tool for metal recovery in the field of hydrometallurgy. The
recovery of In and Ag was demonstrated to be feasible, with Ag showing
a lower climate impact than primary production and In potentially
benefiting from further optimisation. Thus, apart from a considerable
reduction of the precipitating agent (see Section S3), the separation of In
and Ag by NF may enable >70 % acid reuse without further treatment.
Furthermore, due to high permeability and low TMP, it has been shown
that the energy consumption for LbL. NF was low compared to com-
mercial NF. (Amrein et al., 2025) However, the long-term stability of
LbL membranes has been a major obstacle for the large-scale application
of this technology. The results of this study have shown that highly
stable LbL-NF membranes can be produced by a combination of PEs and
a membrane substrate with high binding strength. While stable LbL
configurations for a broad range of mineral acids were found, stability in
HCl still leaves room for improvement and should be addressed in future
research. This process supports the principles of green membrane
design, specifically those promoting low energy demand, extended
membrane lifetime and integration into circular flows. (Szekely, 2024) It
also contributes to SDGs 7 (Affordable and Clean Energy), 9 (Industry,
Innovation and Infrastructure), 12 (Responsible Consumption and Pro-
duction) and 13 (Climate Action) by reducing climate impact, improving
resource recovery and advancing innovation in sustainable materials
processing. (United Nations 2015)

5. Conclusion

New-generation thin-film solar cells offer a promising alternative to
traditional crystalline silicon solar cells due to their minimal material
usage and low-cost processing. Furthermore, since large PCE improve-
ments have been reported, TFPV is expected to play a crucial role in the
global energy transition, contributing to climate goals and reducing
dependence on fossil fuels. However, their reliance on finite resources
such as In and Ag makes efficient recycling essential for long-term
sustainability.

This study demonstrated the feasibility of using LbL-NF membranes
for the recovery of In and Ag from EOL TFPV. Furthermore, the findings
highlight the importance of membrane stability in highly acidic envi-
ronments, which is a critical factor for industrial-scale applications. A
holistic investigation of LbL membrane stability in different inorganic
acids has shown that both the type of acid and the LbL membrane
composition strongly influence membrane stability. Among the tested
membranes, the sPES(PAH/PSS)4 membrane exhibited the highest sta-
bility under acidic conditions, maintaining efficient separation perfor-
mance over long-term filtration.

Compared with the existing literature, the LCIA of LbL-NF-based
recycling of EOL TFPV showed benefits in the GWP values for In and
Ag. Additionally, it showed the importance of balancing process yields
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with other process optimisation steps, accounting for environmental and
economic repercussions. Nevertheless, high-yielding LbL NF can be
considered a low-impact recycling step to valorise Ag and In across the
entire life cycle of TFPV and help advance the European circular econ-
omy. Future research should focus on increasing recovery yields and
technology readiness levels in line with LCA insights and
recommendations.
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