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ARTICLE INFO ABSTRACT
Edited by: Lingxin Chen Efficient and stable perovskite solar cells rely on the use of Pb species potentially challenging the technologies’

commercialisation. In this study, the fate of Pb derived from two common perovskite precursors is compared to

Keywords: cationic lead in soil-water microcosm experiments under various biogeochemical conditions. The rapid and
Perovskite solar cells efficient removal of Pb from the aqueous phase is demonstrated by inductively coupled plasma mass spec-

Enmom_nental lmPaCt trometry. Sequential soil extraction results reveal that a substantial amount of Pb is associated with immobile
Sequential extraction

Environmental fate fractions, whereas a minor proportion of Pb may become available again in the long term, when oxygen is
XANES depleted (e.g. during water logging). X-ray absorption spectroscopy results reveal that the sorption of Pb on
mineral phases represents the most likely sequestration mechanism. The obtained results suggest that the
availability of leached Pb from perovskite solar cells is naturally limited in soils and that its adverse effects on soil
biota are possibly negligible in oxic soils. All three Pb sources used behaved very similar in the experiments,
wherefore we conclude that perovskite derived Pb will have a similar fate compared to cationic Pb, so that
established risk assessment considerations for Pb remain legitimate.

Lead sequestration

1. Introduction surpassed that of conventional thin-film photovoltaics (PV), such as
cadmium telluride (CdTe) or copper-indium-gallium selenide (Green

Perovskite solar cells (PSCs) have been a success story in scientific et al., 2019). The market leader, silicon-based PV, has been challenged
research (Kojima et al., 2009; Lee et al., 2012; Grdtzel, 2017). A decade regarding single-junction solar cell efficiency. Tandem-approaches
after their discovery, the efficiency of lab-scale PSC devices has enable further efficiency enhancement and cost minimisation and thus
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have paved a potential way to overcome silicon’s soon-to-be-faced
fundamental performance limitations (Case et al., 2019). Extensive
research has been undertaken to improve the stability of PSCs, which is
currently considered to be one of the key challenges to enable market
entry (Rong et al., 2018; Liu et al., 2019). Intrinsic instability under
various environmental stressors (such as heat, moisture, UV light and
biofilm formation) and degradation processes are also actively tackled
(Urbina, 2020; Habisreutinger et al., 2016).

However, PSCs also pose an intrinsic environmental threat due to
their reliance upon the use of lead salts in their crystal structure
(Babayigit et al., 2016; Hailegnaw et al., 2015; Li et al., 2020). The
absorber material crucially relies on the use of Pb in concentrations on
the order of 0.5 g/m2 (Fabini, 2015). Pb-free PSCs do not exhibit the
stability and efficiency of their Pb-based counterparts (Ke and Kanatzi-
dis, 2019; Kamat et al., 2017). For example, Sn?*-based PSCs have rarely
exceeded a 10-% power-conversion efficiency on the lab-scale and are
more prone to degradation due to Sn?* oxidation (Jokar et al., 2019;
Diau et al., 2019; Nishimura et al., 2020). Thus, Pb-based PSCs likely
remain the only viable option due to their high stability and efficiency.

Pb%* may be emitted into the environment during the use phase, if
PSCs are physically damaged as well as upon the end-of-life, if PSCs are
inappropriately disposed of. Lead halides are the main degradation
products after perovskite hydrolysis, and they are well to sparingly
soluble in water [Ks(Pbly) = 4.41 x 10~° M]. In contrast, Cd-based
species (from CdTe PV) are highly insoluble, with solubility products
15-20 orders of magnitude less than those of lead halides (Fthenakis
et al., 2020). Pb%* does not have any known physiological role in biota
and exerts adverse effects at low concentrations. For example, the US
Environmental Protection Agency has set a threshold value of only 15
pg/L for Pb%" in drinking water.

Pb?* cannot be considered to be a new contaminant (Bell, 1924,
Chaney et al., 1989; Ata et al., 2019). Early applications in gasoline,
leaching from old water pipes and fracking processes have resulted in
Pb%* contamination world-wide (Bellinger, 2016; Taylor et al., 2016).
Regarding PSCs, a majority of studies have tackled this issue from a
life-cycle assessment perspective (Celik et al., 2016; Espinosa et al.,
2015). Some initial laboratory studies concerning the potential fate of
PSC-derived Pb in the environment have been reported. Hailegnaw et al.
have reported the rapid and quantitative leaching of Pb through rain
impact (Hailegnaw et al., 2015). Yoo et al. (2019) have demonstrated
that Pbl, and PbO - supposed degradation products of PSCs after hy-
drolysis and combustion in case of fire — would be considerably sorbed
on soils, mitigating the risk of Pb2* mobility. However, the tested con-
centrations were high (above the solubility products of the spiked Pb
model species); hence, the sorption potential may have been over-
estimated due to limited water solubility and needs to be elucidated at a
sufficiently low Pb concentration. The kinetics of Pb sequestration are
key to assessing whether PSCs represent an environmental risk, because
the kinetics determine the concentration and exposure time of soil or-
ganisms to the metal. The sequestration mechanism determines sus-
ceptibility to long-term re-mobilisation, when the soil biogeochemical
conditions change as a result of anthropogenic processes (such as soil
compaction, irrigation, construction works) or natural processes (peri-
odic flooding, heavy rainfall, microbial activity).

Therefore, here we investigate the extent to which and how quickly
various perovskite-derived Pb species are removed from aqueous solu-
tion in contrasting biogeochemical conditions (including aerobic,
anaerobic, and with stimulated microbial activity) using soil-rainwater
microcosms. Aqueous metal concentrations were determined by triple
quadrupole inductively coupled plasma mass spectrometry (QqQ-ICP-
MS), and the dissipation half-life of aqueous Pb was derived. Thermo-
dynamic equilibrium modelling and sequential extraction were
employed to examine the foreseen mobility of Pb (immediate and
medium-term, respectively), while X-ray absorption near edge structure
(XANES) spectroscopy was used to elucidate the sorption mechanism of
sequestered Pb in soil.

Journal of Hazardous Materials 436 (2022) 128995

2. Materials and methods
2.1. Soil source

The soil originated from Eiken (Switzerland) and had been fully
characterised previously (Evangelou et al., 2014). In brief, the soil was a
loamy sand (77% sand, 13% loam, and 10% clay) subsoil with 1.5%
organic matter, 0.16% CaCOj3 content and maximal water holding ca-
pacity of 40% (Evangelou et al., 2014). The Pb background Pb con-
centration was low and determined to be 17 + 1 mg/kg via
microwave-assisted acid digestion (MARS 6, CEM GmbH,
Kamp-Lintfort, Germany) (Table S1, Supporting Information). It was
stored in the dark at room temperature until use.

2.2. Chemicals and reagents

If not specified otherwise, chemicals were purchased from com-
mercial sources (Sigma-Aldrich, Buchs, Switzerland; Merck, Zug,
Switzerland) at a high purity (> 99%) and used without further purifi-
cation. Synthetic rainwater (Smith et al., 2002) was prepared with the
following composition (mg L™1: NaCl (4.3); MgCly-7H20 (7.3),
CaCly-6H50 (6.1), KCI1 (0.7), NaNO3 (3.1) and NaySO4 (6.0), with a pH of
7.1. Three Pb-based materials were used in the assessment. These were a
highly soluble lead salt, Pb(NO3),, and two precursor sets for perovskite
materials (methylammonium lead triiodide, (CHsNH3PbI3, MAPI) and
caesium-formamidinium lead triiodide (Csg.17 (NH3CH = NHj)g g3)Pbls,
CsFAPI)). The salts (TCI Chemicals, Tokyo, Japan) were pre-diluted in
synthetic rainwater, followed by sonication for 10 min and subsequent
spiking into the microcosms.

2.3. Microcosm setup

Five-gram aliquots of the soil were added into 50 mL serum bottles
and spiked with Pb species to achieve a final concentration of 100 mg
Pb/kg soil and a soil:water ratio of 1:5 (m/v). This addition corre-
sponded to a 5.9-fold increase in the Pb system concentration relative to
background concentrations and equated to a completely leached PSC
area of 9.9 cm? being spiked into this miniaturised system (assuming
420 mg Pb/m? PSC) (Fabini, 2015).

Aerobic microcosms were kept open to the atmosphere, while
anaerobic microcosms were purged with Nj for 30 min using a custom
automatic gas-exchange system and sealed with a butyl stopper and
crimp seal prior to spiking. Microbial activity was stimulated in one set
of the sealed microcosms by the addition of lactate as a sodium-(DL)-
lactate solution (15 mM). Soil-free microcosms were used as a positive
control to account for potential evaporation during incubation time.
Background Pb levels were monitored using unspiked systems. All
conditions were tested in triplicate and placed on a rotational shaker
(Edmund Biihler KS-10 Shaker, 5 rcf). Solution pH and redox potential
were monitored using a Metrohm 713 pH metre equipped with a pH
electrode or a Pt redox electrode, and where applicable, under inert
conditions (GC Glovebox Systemtechnik GmbH, < 10 ppm O5).

2.4. Aqueous Pb determination

Total Pb concentration of the aqueous phase was monitored during
the initial 24 h of the experiments. For this, 500 uL aliquots were
sampled at a depth of approx. 1 cm, filtered (0.45 um syringe filter;
WICOM International AG, Chur, Switzerland), diluted in 3% HNOg3
(semiconductor grade) using an autodilution system (Simprep, Teledyne
Cetac Technologies, USA). Samples were then analysed by QqQ-ICP-MS.
Analysis was performed on an 8800 QqQ-ICP-MS system (Agilent, Basel,
Switzerland) using general-purpose operational settings. Lead was
quantified as 208ppy+ using helium collision gas (5 mL/min). Quantifi-
cation was carried out using an external calibration from a single-
element standard prepared in milliQ water (18.2 MQ/cm, Arium Pro,
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Sartorius GmbH, Gottingen, Germany) from 0 to 50 pg/L and was
considered appropriate if R% > 0.9995. 1%3Rh* was monitored as an
internal standard. The Pb concentration measured over time was fitted
using a four-parameter logistic regression in GraphPad Prism 8 with
constraints on normalisation between 0% and 100%, and the dissipation
half-life (i.e., the time required for the aqueous Pb concentration to be
reduced to half of its initial value) was derived (Table S2, Supporting
Information).

2.5. Sequential extraction

The foreseen mobility of Pb in microcosms was evaluated after short-
term (48 h) and medium-term (16 d) exposure by a sequential extraction
scheme (Quevauviller, 2002). Briefly, the wet soil was treated with
increasingly harsh chemicals, and the resulting Pb concentration of the
supernatant was measured by QgQ-ICP-MS (Table S3, Supporting In-
formation). To do so, the microcosm was sacrificed and transferred into
a 50 mL polypropylene tube. The suspension was then centrifuged (12
min, 4700 relative centrifugal force, centrifuge 5804R, Eppendorf,
Schonenbuch, Switzerland), the supernatant was discarded and residual
soil was washed with 20 mL of water. After discarding the aqueous su-
pernatant, a sonication-assisted, accelerated sequential extraction was
carried out (Table S3, Supporting Information) (Quevauviller, 2002;
Arain et al., 2008). The accelerated sequential extraction was validated
based on BCR-701 reference material (Fig. S1, Supporting Information).
The accelerated, sequential extraction showed quantitative Pb recovery
(107 + 7%) across all reactors. The amount of Pb extracted in step 1 + 2
(‘exchangeable’ and ‘reducible’) may be prone to mobilisation (either by
ion exchange or upon reductive dissolution of soil Mn/Fe phases),
whereas steps 3 + 4 (‘oxidisable’ and ‘residual’) indicated long-term
immobilisation (these metals could only be extracted using harsh
agents and may correspond to organic matter and/or aluminosilicates;
compare Table 3, supplementary information). Therefore, the amounts
extracted in steps 1 + 2 and 3 + 4 are added and the difference in the
sum is considered to be the difference in long-term mobilisation po-
tential (Amob)-

2.6. Solid-state speciation by XANES

Pb Lj-edge XANES experiments were performed at the superXAS
beamline (Swiss Light Source, Villigen, Switzerland). Measurement de-
tails including sample preparation can be found in Section S5 of the
Supporting Information.

2.7. Thermodynamic equilibrium modelling

Thermodynamic equilibrium modelling was performed using Geo-
chemist’s workbench software (Version 12.0) and the MINTEQ database
(Gustafsson, 2014). The approach was used to create Pourbaix diagrams
(electron activity (Eh) vs. pH) of the respective microcosm systems. The
pb%* activity was based on the spiked concentration of the species in the
system. The model took into account four main system components: i)
rainwater composition (see Section 2.2), ii) main mineral-forming ele-
ments (Fe, Mn) after quantification via microwave-assisted acid diges-
tion (Table S1, Supporting Information), iii) main anions typically
present in soils (carbonate, phosphate) and iv) lactate for
lactate-amended microcosms (Table S4, Supporting Information).

3. Results
3.1. Removal of Pb from the aqueous phase

Rapid and efficient removal of Pb from the perovskite (methyl-
ammonium lead triiodide (MAPI) and caesium-formamidinium lead

triiodide (CsFAPI)) and Pb(NOg3); species spiked in the soil-water sys-
tems from the aqueous phase under all of the tested conditions was
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observed (Fig. 1).

The dissipation half-lives of Pb in the system were short and all below
1 h (maximum of tsgy,= 0.86 h for MAPI under anaerobic conditions,
Table S2, Supporting Information). In the first four hours, Pb(NO3),
species showed a somewhat faster aqueous removal, while perovskite-
derived species lagged behind (compare squares in Fig. 1 versus
others). Hence, the times for a more complete aqueous removal were
also higher for perovskite-derived species, but did not exceed 3.7 h
(t7s50,) and 16.7 h (tgpe) under all conditions tested (Table S2, Sup-
porting Information). The application of different biogeochemical con-
ditions did not lead to considerable differences in aqueous removal
efficiency: after 24 h, the residual dissolved Pb concentration was low
and total removal efficiency from the aqueous phase ranged between
92% and 98%, irrespective of the Pb source used.

3.2. Foreseen availability of Pb in soil

A large proportion of spiked Pb (48.0-62.8%) was extracted in oxi-
disable and residual fractions, irrespective of the spiked Pb species or the
conditions applied (Fig. 2a—c, blue bars).

In Pb(NOs3),-spiked microcosms, a majority of Pb was found in
fractions insusceptible to long-term mobilisation (i.e. ‘oxidisable’ and
‘residual’), indicated by the strongly negative Ap,p, (Fig. 2¢). In contrast,
perovskite-derived Pb exhibited a higher tendency for long-term mobi-
lisation (i.e. less negative Apop) with one exception (MAPI in lactate-
amended microcosms). In all cases, the exchangeable fraction was low
(3.7 - 8.1%). Foreseen availability following short-term (48 h) exposure
to soil was also investigated and no considerable difference in frac-
tionation was observed (Fig. S2, Supporting Information).

3.3. Modelled Pb speciation

Pourbaix diagrams obtained from the thermodynamic modelling of
the microcosm system pointed to the formation of insoluble Pb species
under the tested conditions (Fig. 3a-b).

Under aerobic conditions (region 1 in Fig. 3a-b), mixed-metal
phosphate phases, such as plumbgummite (PbAl3(PO4)2(OH)s H20)
(Fig. 3a) and hinsdalite ((Pb,Sr)Al3(P04)(SO4)(OH)e) (data not shown),
were the ultimate thermodynamic sinks for Pb2*. Although thermody-
namically favoured, these minerals rarely occur in nature (e.g., in oxi-
dised zones of lead-bearing deposits (Kolitsch et al., 1999)). Therefore,
these minerals were excluded from modelling, yielding more common
(hydroxy)pyromorphite (Pbs(PO4)3(Cl,OH)) as the favoured species
instead (Fig. 3b). Upon Eh decrease toward more reducing conditions in
lactate-amended microcosms (region 3, Fig. 3b), the (microbial)
reduction of sulphate to sulphide became thermodynamically favoured;
hence, the formation of highly insoluble galena (PbS) is preferred.

3.4. Determined solid-phase speciation

Soil microcosm samples were measured by XANES to determine Pb
speciation. The absence of pronounced features in the XANES region
between 13'050 and 13’100 eV indicated that Pb was not present as a
(crystalline) precipitate similar to the reference samples tested (Fig. 4a).

For all of the tested soil samples, one or two-component models
yielded accurate fits (as indicated by low residuals in Fig. 4b—d (dotted
lines)). The addition of a third component led to an only marginally
improved goodness-of-fit in some cases (see Table S5, Supporting In-
formation). Linear Combination Fitting (LCF) analysis indicated that the
highest share of Pb (63-100%) resembled a form similar to the Pb sorbed
on birnessite (MnOy) in all samples (Table 1). Smaller contributions of
galena (PbS) and hydroxypyromorphite (Pbs(PO4)3(Cl,OH)) (9-21%)
were obtained regardless of spiked Pb species or applied biogeochemical
conditions.
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Table 1

Pb speciation modelled by linear combination fitting of Pb Ly;-Edge XANES Spectra with R-factor (measure for the mean square sum of the misfit) and x> (goodness of

fit). For details, refer to Section S5, Supporting Information.

Pb species Contribution (atom %) R factor x?
Condition “Pb on birnessite” Galena (PbS) Hydroxypyromorphite (Pbs (PO4)30H)

MAPI Aerobic 87 13 - 0.00079 0.01445
Anaerobic 81 - 19 0.00088 0.01577
Lactate amended 100 - - 0.00056 0.01073

CsFAPI Aerobic 91 - 9 0.00048 0.00884
Anaerobic 63 35 - 0.00164 0.03089
Lactate amended 91 - 9 0.00051 0.00953

Pb(NO3)- Aerobic 88 - 12 0.00036 0.00664
Anaerobic 79 - 21 0.00274 0.05258
Lactate amended 90 10 - 0.00074 0.01362

4. Discussion
4.1. Extent of aqueous Pb removal and kinetics

In all conditions tested here, a rapid (t5gy < 1 h) removal of Pb from
the aqueous phase was observed (Fig. 1a—c). This was true for all Pb
sources used and observed despite the applied worst-case scenario,
where a high concentration of Pb was immediately released to the soil.
The experiments covered oxidising to strongly reducing redox condi-
tions; thus, they were representative of many environments. The fact
that the observed kinetics were similar in all conditions indicated that
Pb removal from the aqueous phase was mainly driven by similar
physical and not biological processes during initial (< 24 h) exposure.
Comparing the spiked Pb species showed that, irrespective of the applied
conditions, the kinetics of aqueous Pb(NO3), removal were somewhat
faster as compared to those of both MAPI and CsFAPI (Table S2, tsoo,
t759, and tgge,, Supporting Information), yet the maximum time needed
for the dissipation of 90% of Pb was only 16.7 h (Table S2, tgge, Sup-
porting Information). The presence of additional cations (such as MA™,
Cs™, FA™) could result in additional competitive sorption, slowing down
perovskite-derived Pb sorption kinetics. Although slight differences in
kinetics occurred during the first hours of the experiment, the complete
removal of Pb after 24 h in all approaches suggests that Pb from per-
ovkites will not show a dramatically different transport behaviour in the
environment compared to cationic lead.

The efficient sequestration observed here is in line with a previous
study investigating sequestration of Pb derived from Pbl, and PbO (Yoo
et al., 2019). However, the applied concentrations previously were
much higher, exceeding the solubility products of Pbl; and PbO in an
aqueous solution. As a consequence, the derived partitioning

coefficients were probably too optimistic due to precipitation (and thus
the proposed ‘safety management areas per units of PSC power-plant
output’ in the original study possibly underestimated). Even though
the Pb concentrations used here were lower by an order of magnitude,
the soil still demonstrated a high potential for rapid and efficient Pb
sequestration, which is positive in terms of the environmental risk
associated with perovskite photovoltaics (see below).

4.2. Foreseen Pb availability and mechanism of Pb soil sequestration

Following the rapid and efficient removal from the aqueous phase,
only minor amounts of Pb (maximum of 8.1%) were found in the
environmentally most problematic fraction as ‘exchangeable’ Pb (i.e.,
step 1 of the sequential extraction; Table S3, Supporting Information).
The exchangeable fraction was assessed by the addition of a weak
organic acid, as a number of natural and anthropogenic processes
moderately acidify soils (e.g. soil respiration, microbial nitrification or
sulphide oxidation, microbial and plant exudate production, incinera-
tion of carbon-, nitrogen- and sulphur-containing compounds) (Zheng
etal., 2012; Panthi et al.,). As a result, Pb released by weak acid addition
can be re-mobilised immediately and may be considered available for
plant uptake. Indeed, Li et al. have reported that the bioavailability of Pb
from perovskite to various plants is greater than that of pure lead iodide
over a 20-day exposure time (Li et al., 2020), which they attributed to
organic cations (such as methylammonium and formamidinium) influ-
encing soil pH. However, the absolute amounts of Pb spiked were rather
high: using the assumptions of Li et al., infiltration area of 1 m? per m? of
PV; soil depth affected 15 cm), the worst case scenario considered here
would increase soil concentration by + 4 ppm only, whereas the authors
have spiked between 5 and 250 ppm of Pb. In other words, to achieve
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such an increase in Pb concentration, one would need to increase
assumed perovskite layer thickness orders of magnitude above what is
actually used (here 600 nm was assumed). Thus, the scenario may be
rather relevant for a MAPI spill during production than leaching during
the use phase. Due to the possible effect of competing cations on the
sorption kinetic and the risk of exceeding solubility products (see
above), this study underlines that risk assessment scenarios must be
made with care to derive claims not under- or overstating possible
adverse effects of perovskite derived Pb in the environment.

Further, it should be noted that plant growth experiments on freshly
spiked soils (as performed by Li et al., 2020) are known lead to dis-
crepancies compared to field studies in terms of plant availability due to
ageing (Udovic and Lestan, 2009; Liu et al., 2016). Ageing over long
time periods (such as decades) is known to influence speciation and thus
availability compared to spiked metals (Antoniadis et al., 2017). Here,
16 days of contact resulted in somewhat higher Pb immobilisation (i.e.
more negative Ay op; compare Fig. 2 and Fig. S2) compared to 2 days in
aerobic conditions, which are possibly most similar to Li et al. (2020).
Thus, it remains to be elucidated, if perovskite-derived Pb is indeed
more plant-available during a regular growth season outdoors. In
particular, one should consider scenarios where Pb enters the pedo-
sphere before plants start to grow (giving the possibility for ageing), at a
low concentration of Pb (not exceeding solubility limits and being in line
with how much Pb can actually leach from a PV module). In terms of the
exchangeable fraction representing readily plant-available Pb (at low Pb
spiking, without extended ageing), our data suggests that there will be
little to no differences.

In addition to the exchangeable fraction, Pb found in the ‘reducible
fraction’ (i.e. step 2, Table S3, Supporting Information) may be prone to
become mobilised and available in the medium term (indicative time-
scale weeks to months). With the depletion of oxygen, the reduction of
different mineral phases becomes thermodynamically favoured and
their - to a large extent microbially-driven — dissolution releases metals
into the soil solution (Borch et al., 2010). In fact, owing to oscillations
between oxidising and reducing conditions, mineral dissolution and
formation are common in soils (e.g. during water logging, periodic
flooding and between dry and wet seasons), leading to a coloration that
is characteristic for such oscillations (so-called ‘redoximorphic features’)
(Gasparatos, 2012). Induction of reducing conditions has been reported
to lead to the mobilisation of the associated Pb (Hernandez-Soriano and
Jimenez-Lopez, 2012; de Campos et al., 2020). In contrast, Pb associated
to the ‘oxidisable’ and ‘reducible’ fraction (Table S3, Supporting Infor-
mation) will only be released in geological time scales upon mineral
weathering and can be considered stably sequestered and not available
(Sungur et al., 2014; Janos et al., 2010; Ashrafi et al., 2015). Pb(NOg3)2
showed a slightly higher extent of stably sequestered Pb (indicated by
the lower Apob, Fig. 2) in comparison to MAPI- and CsFAPI-derived Pb.
Considering that ageing of metals may continue far longer than the 16
days tested here and that microcosms with microbial activity stimulated
by lactate addition had the lowest Ayqp of all conditions tested using
MAPI (Fig. 2A) it is questionable, if this is really relevant for environ-
mental risk assessment. The considerably higher Apop in the corre-
sponding CsFAPI experiments (Fig. 2B) leaves room for some
speculation of the effect of the organic cation. While simple methyl
compounds (such as di- and trimethylamine) are a direct substrate for
methanogens (Thauer et al., 2008) and fully mineralised to methane,
CO5 and ammonium, it can be doubted that the C=N bond in the for-
mamidinium cation is as easy to cleave (C=N bond energy >
600 kJ/mol). Thus, the formamidinium cation may tentatively persist
and continue to compete for sorption and/or reactive sites in soil,
resulting in higher Ap,op, in CSFAPI experiments.

Sequential extraction is known to have some limitations related to
selectivity (Bacon and Davidson, 2008; Calmano et al., 2001) and cannot
provide information on the underlying sequestration mechanism.
Thermodynamic modelling revealed precipitation as a potential mech-
anism of Pb?* sequestration, mainly in phosphatic mineral phases
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(aerobic conditions; region 1 in Fig. 3) and galena (PbS) (anaerobic
conditions; regions 2 and 3 in Fig. 3). This would suggest very low
aqueous Pb concentrations due to the low solubility products of these
mineral phases. XANES spectra on the Pb Lyj-edge of the microcosms
were clearly dissimilar to a number of solid references used (i.e. PbSOy,
Pb(NO3),; PbCOs3, PbS, or Pbly) that had prominent features in the range
~13'050-13'100 eV (Fig. 4). Indeed, LCF yielded best fits with the
major contribution of the reference ‘Pb on birnessite’ (63-100%,
Table 1) and only minor contributions (between 0% and 21%) of
possible precipitates (i.e. hydroxypyromorphite ((Pbs(PO4)3(CL,OH))
and galena (PbS); Table 1). The XANES spectra of two references of
sorbed species used here (i.e. ‘Pb on birnessite’, ‘Pb on goethite’) were
similar to each other and similar with those of other sorbed species
found in literature (see e.g. Nevidomskaya et al., 2016; Smith et al.,
2011). As a consequence, the actual sorbing phase could not be resolved
through XANES at the Pb concentrations applied here. In fact, Pb may be
even sorbed to several phases at once, including organic matter or alu-
minosilicates (such as bentonite, kaolinite, and gibbsite), all yielding
similar XANES spectra (Nevidomskaya et al., 2016; Smith et al., 2011).
This may explain why Pb was found in the ‘reducible’ as well as ‘oxi-
disable’ and ‘residual’ fractions at once (Fig. 2). Whereas some Pb may
indeed sorb to manganese phases (that are extracted in the ‘reducible’
fraction), (Kwon et al., 2010; Lee et al., 2011) aluminosilicates would
not dissolve during the mild treatment of the first two steps of the
sequential extraction and rather require harsher conditions (as in steps
three and four). Despite the fact that the sorbing phase could not be
resolved by XANES analysis, the precipitation of hydroxypyromorphite
(Pbs(PO4)3(CLLOH)) and galena (PbS) (predicted by thermodynamic
modelling) gave only a minor contribution to the best fits; thus, their
precipitation was apparently kinetically limited.

4.3. Environmental implications

Two major worst-case scenarios, a solar park and a rooftop instal-
lation of perovskites, were considered to assess the environmental im-
plications of the sequestration phenomena observed here. First, in a
‘solar park-type’ installation, one may assume that rain leaches a
damaged module and that Pb enters the soil below the module by
dripping water (Fig. S3, Supporting Information). In the worst-case
scenario, the module would be fully damaged so that all Pb leaches of
a typical PSC module (1.64 m x 1 m) into a narrow soil fragment (e.g.,
10 cm) along the module width. Based on a given soil density (e.g.,
1’500 kg/m®) and depth (e.g., 2.5 cm for topsoil), the Pb concentration
will increase to 112 mg/kg (see Section S2 for details). This is in line
with some early estimations reported by Hailegnaw et al. (2015) using
non-encapsulated perovskite films and possibly overestimating the
actual Pb input to the pedosphere. Nevertheless, our data shows the
majority (> 90%) of Pb was removed from the aqueous phase in less
than a day which limits Pb dispersal, and that only 37 — 52% of spiked Pb
could potentially be liberated (in the medium term under induction of
reducing conditions). Thus, even if all Pb leaches from the module, the
potentially bioavailable Pb fraction corresponds to 41.1-58.2 mg/kg,
only. Considering common soil Pb background concentrations in the
range of 50 mg/kg (Alfaro et al., 2015), this can be considered a very
moderate impact even in the worst-case. Considering that the
exchangeable fractions corresponded to possibly plant-available Pb, the
additional Pb concentration amounted to only 4.3-9.1 mg/kg. Putting
this into the perspective of toxicity to soil organisms (e.g. Folsomia
candida (springtail): LCso = 2'562 mg/kg and ECso (reproduction)
= 1’244 mg/kg (Dai et al., 2020) or Eisenia fetida (earth worm): ECsq
(reproduction) = 35-5'080 mg/kg (Lanno et al., 2019)), again impacts
can be considered marginal. Finally, the European Chemicals Agency
mentions a “predicted no effect concentration” (PNEC) for Pb in soil of
212 mg/kg, which implies no adverse effects whatsoever on soil biota.
Some safety concerns based on lead uptake from plants for human
consumption have been raised by Li et al. recently (Li et al., 2020). First,
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it can be doubted that plant for human consumption are grown on a
perovskite solar park. Secondly, it should be noted, that for this exposure
pathway Pb transfer to edible parts is of importance (rather than stem-
or root-associated Pb). At low Pb levels that are more realistic to occur in
a solar park (e.g. 5mg/kg), Pb concentration in leaves increased
marginally, while Pbl, experiments showed lower Pb levels relative to
controls, questioning the efficient transfer of Pb to edible parts at rele-
vant concentrations. Bioavailability studies are certainly indispensable
when assessing impacts of metals. However, more research is required to
unequivocally prove higher bioavailability from perovskite-derived Pb
in the field.

Second, in a ‘rooftop’ scenario, one may consider that Pb is
completely released from a module (same as above) within a single rain
event (e.g., 100 L/m? as a one-day maximum in Switzerland). Again,
this is a worst-case scenario and it seems likely that not all perovskite
film is exposed to rain and thus leaching. It can be assumed that leached
Pb would be collected using a downpipe before it is collected for re-use,
percolated in a soaking area or directed to the sewer system. In the
downpipe, aqueous Pb concentrations can be elevated in absence of a
sorbing phase. For example, assuming quantitative Pb leaching from a
80 m? PSC-covered roof in a single 100 mm rain event would result in a
Pb concentration in the effluent of 4.2 mg/L in the downpipe itself.
Although diluted in the rainwater barrel or tank, it is certainly not
advisable to re-use the collected rain after such an event but rather treat
it (e.g. by ion exchange resins or other methods).

If the rainwater is not re-used but directly percolated, the Pb soil
concentration increase can be calculated similarly as for the solar park
scenario, but possibly on a larger area. For instance, given a soaking area
of 16 m? (in domestic applications), Pb concentrations in the top 2.5 cm
of soil at the bottom of the soaking area, would increase by 56 mg/kg,
assuming there is no sorption to the percolation filling material itself.
Compared to the increase from the solar park scenario, this Pb con-
centration is halved and the bioavailable Pb fractions would be even
lower. Thus, percolation on a larger area would ease the concerns of Pb
impacts.

To our best knowledge, the concentration of Pb that may enter the
sewer system from domestic rooftops is not yet clearly regulated.
Obviously, the drinking water limit of 5ug/L (EU Drinking Water
Directive) is too restrictive. Rather one can assume the limit of 200 pg/L,
which applies to industrial effluents (EU Industrial Emissions Directive).
Hence, assuming a concentration of 4.6 mg/L in the downpipe would
require a dilution by factor 23, which is high considering 80 m? of
perovskite covered roof area. Again, this suggests that in the highly
unlikely case that all perovskite Pb leaches in a single rain event, the rain
should rather be collected in a buffer tank and treated rather than
directly fed into the sewer.

These considerations underline the importance of exposure path-
ways when assessing the risk associated to perovskite photovoltaics.
From the data gathered here, no concerns are raised as long as there is a
potent sorbing phase, such as a soil, present that dissipates aqueous Pb
and decreases the bioavailable fraction.

5. Conclusions

High-efficiency perovskite solar cells critically depend on Pb-based
absorber materials. In this study, soil was shown to be a potent natu-
ral matrix for the stable sequestration of a majority of Pb possibly
released from damaged modules. Dissipation half-lives of Pb in the
aqueous phase were less than 1 h, and only a marginal fraction of Pb in
soil (< 8%) was found to be readily mobile and/or bioavailable. How-
ever, sorption to reducible mineral phases such as Fe(IIl)- or Mn(IV)-
oxides may result in partial re-mobilisation of the Pb previously
sequestered. This is expected in the medium term when reducing con-
ditions develop upon water logging or flooding, leaving some time for
remediation intervention (e.g., excavating the top few cm of soil). Since
electricity production is only possible having an intact perovskite layer,
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such interventions should be considered as soon as module failure is
detected, if inspection reveals loss of lead. Although the sorption kinetics
and extractable Pb were slightly different, the data from this study do
not suggest that perovskites derived Pb will differ greatly in environ-
mental fate from cationic lead. Ultimately, however, further trials (well-
designed field trials including ecotoxicity) are needed to draw a defin-
itive conclusion.

Environmental Implications

Novel solar cells based on perovskite-based absorber materials are
considered a potential breakthrough technology for green energy gen-
eration. However, high-efficiency perovskite solar cells rely on the use of
cationic Pb, which is of environmental concern i) during fabrication, ii)
in case of damage and iii) at the end of life. Here, we present novel in-
sights into the fate these potentially hazardous, perovskite-derived Pb
under realistic environmental conditions in soil-water microcosms. Our
results indicate that the fate of perovskite-derived Pb species is in fact
similar compared to cationic Pb implying that previous risk assessment
considerations still remain valid.
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