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ABSTRACT

In the current context of the considerable interest in palladium (Pd), a new process of Pd biosorption is
described with various natural materials derived from plant feedstocks. Eichhornia crassipes was chosen
as a model plant for determining the thermodynamic and kinetic parameters of Pd biosorption. The
optimised process was then tested on other natural materials (wheat, pine cones, coffee grounds, green
tea grounds), powders derived from dead native (Mentha aquatica) and invasive aquatic plants (Pistia
stratiotes, Ludwigia peploides). The competitive biosorption of other platinum group metals, i.e. Pd, Ru, Ir,
Rh, Pt) was also evaluated using E. crassipes. Moreover, selective separation of Pd, Pt, Ru and Ir was
possible. Mechanistic investigations allowed us to explain the high affinity of Pd for root powder ob-

tained from aquatic plants.
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1. Introduction

Palladium-catalysed cross-coupling methodologies to assemble
C—Cand C-X (X =N, O, S) bonds between appropriately function-
alized substrates have revolutionized organic chemistry, allowing
transformations that were either impossible or only possible using
multi-step approaches (Biffis et al., 2018). Having found widespread
use in organic synthesis (2010 Nobel Prize for chemistry to R. Heck,
E. Negishi and A. Suzuki) and material science, Pd-catalysed cross-
coupling reactions also play an important role in the pharmaceu-
tical, agrochemical and fine chemical industries (Torborg and
Beller, 2009). However, ore deposits of Pd are rare, are mostly
located in geopolitically tense areas, and are experiencing
increasing demand on world markets, leading to record-high prices
of Pd. Therefore, innovation in recycling this precious metal has
become imperative.

The industrial recovery of palladium is mainly based on hy-
drometallurgical and pyrometallurgical processes with high envi-
ronmental impacts (Zhang et al., 2020; Ilyas et al., 2020). In
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hydrometallurgical processes, Pd is recovered after roasting/
burning in the presence of additives (for example, 800 °C/NaOH) or
by liquid-liquid extraction, for example with tri n-octylamine (a
hazardous product), with hydrochloric acid coupled to strong oxi-
dants (HNOs, Cly, NaOC], and others), and cyanide solutions, which
slowly release hydrogen cyanide (a flammable and poisonous gas).
Biohydrometallurgical processes such as bioleaching with cyano-
genic bacteria for metal recovery have been shown to be promising
for Pd. Ultrasound pretreatment preceding bioleaching by cyano-
genic bacteria has been described as a promising strategy (Karim
and Ting, 2020). However, the ultrasound activation did not avoid
the use of nitric acid 6 M.

Pyrometallurgical processes require very high temperature
(2000 °C) or chlorination under high temperatures (600—1200 °C)
in chlorine gas (Dong et al., 2015).

The hydrometallurgical, biohydrometallurgical, pyrometallur-
gical processes generate solutions containing Pd ions together with
numerous impurities, which must be removed. Among the widely
applied techniques of separation, employing resins is the main
approach.

The use of commercial resins possessing amino groups in
removal of impurities requires elution with controlling HCl or
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various chemical reagents. Such conditions lead to issues in
wastewater treatment and risks for the environment. Alternatively,
synthesized chelating resins can be used, but their preparation has
high environmental impacts (LeeKurniawan et al., 2020).

There exist only few recent studies on palladium recovery from
wastes and minerals. The combination of Pd residue ball-milling in
presence of a nano-Fe/Ca/CaO system to trap Pd, with a froth
flotation procedure, is an interesting solution. However, the flota-
tion step requires organic solvents (Mallampati et al., 2018). Ac-
cording to the concept of E factors for reducing the environmental
impact of chemical processes, the waste generated consists pri-
marily of solvents (Sheldon, 2005). Another Pd capture process
using eutectic copper was developed to recover palladium in spent
catalyst material. Palladium was captured by copper in the form of a
copper-palladium alloy. However, Pd recovery required heating to
1350 °C (Zhang et al., 2019).

Biosorption has emerged as an interesting option for removal or
recovery of Pd from wastewaters. Common biosorbents for precious
metal ions include various derivatives of chitosan (Mack et al.,
2007; Chassary et al., 2005). However, the preparation of chitosan
(chitin extraction, deproteination, chitin deacetylation) has a high
environmental impact (Younes and Rinaudo, 2015).

These processes are unsuitable from the ecological point of
view. The development of eco-friendly, cleaner, bio-based and cost-
effective recovery of Pd is imperative.

Unlike other transition metals (Zn, Ni, Mn, Cu, Co), no Pd-
hyperaccumulating plants have been reported so far, limiting the
potential for recycling Pd using phytoextraction technology for
industrial chemistry. However, rhizofiltration represents an alter-
native and ecologically viable solution for Pd recycling. Using spe-
cific aquatic plants capable of bioconcentrating Pd in roots, our
group addressed the transformation of plant-derived Pd metal into
green catalysts, called Eco-Pd. This work has established the dual
concept of rhizofiltration/ecocatalysis as a powerful strategy for the
development of efficient Pd-catalysts that can be easily recycled
and reused (Clavé et al., 2017; Garel et al., 2015).

However, scaling-up of the rhizofiltration process is not easy,
because it requires numerous unit operations: germination,
growth, and harvesting of plants on a scale necessary to allow,
phytoaccumulation of Pd in large basins. Moreover, controlling the
reproducibility of rhizofiltration parameters with living plants is
challenging and seems incompatible with feasibility for industrial
applications. Recently, we established that Zn phytoaccumulation
by rhizofiltration is a passive non metabolically-mediated process
(Stanovych et al., 2019; Grison et al., 2018). This result suggests an
opportunity to develop a more practical approach based on the
direct use of dead aquatic plants through biosorption technology.
This process, which significantly reduces the number of steps and
uncertainties in results of the small-scale experiments conducted
to data, may be better suited for large-scale industrial application.
Additionally, this led us to ask whether the promising results ob-
tained for zinc phytoaccumulation might be extended to other
critical/rare metals such as Pd, Ru and Pt. It should be noted that
mild experimental conditions are used to prepare the biomaterials
and ecocatalysts, which is a crucial criterion for an ecologically
appropriate process. In contrast to biosorption of toxic metals (Cr,
Cd, Cu, Pb, Ni), that of Pd has been poorly described. A few studies
have examined the use of microbial biomass (bacteria, microfungi,
fungi, yeasts) in a two-step process whose biosorption was fol-
lowed by bioreduction of Pd" into Pd® (Chen et al., 2018; Cui et al.,
2017). Recent examples described the biosorption potential of two
plants, an aquatic moss, Racomitrium lanuginosum ((Sari et al.,
2009) and leaf biomass of the Indian almond tree, Terminalia cat-
appa (Ramakul et al., 2012).

In the current context of considerable interest in recovery of Pd,

we describe here a new process of Pd biosorption using various
natural materials derived from plant feedstocks. Eichhornia cras-
sipes was first chosen as a model plant for determining the physi-
cochemical parameters of Pd biosorption. We began to examine the
biosorption potential of this ecomaterial by isotherm and kinetic
studies. We then investigated effects of the amount of biosorbent
and of different components of the root system and its components
on Pd biosorption.

Using the most favorable conditions observed in our model
system, we then envisioned conducting Pd biosorption with other
natural materials, in particular biomass of dead aquatic plants, both
native and invasive species. Performances of this material were
compared under different conditions of initial pH and different
biosorption procedures, batch mode and fixed-bed column. The
optimal conditions of Pd biosorption were then extended to the
competitive biosorption of other platinum group metals (PGM, i.e.
Pd, Ru, Ir, Rh, Pt). Finally, theoretical and mechanistic investigations
were carried out to explain the high affinity of Pd for root powder
obtained from aquatic plants.

2. Materials and methods

Detailed descriptions of the origin of the plants used, their
transformation to obtain biomaterial, the biosorption steps and the
preparation of the ecocatalysts are also described in the first section
of the SI In the first section of this document, reagents and
analytical techniques are also described. Plants were either ob-
tained from a specialized grower (Nymphaea Distribution, Le Cailar,
France) or collected from various sites in the Occitanie region of
France.

2.1. Preparation of biomaterials

Eichhornia crassipes Mart. (water hyacinth, Pontederiaceae),
Mentha aquatica L. (water mint, Lamiaceae), Pistia stratiotes L.
(water lettuce, Araceae), Ludwigia peploides (Kunth) P.H.Raven
(creeping water-primrose, Onagraceae), pine bark and pine cones
were oven-dried at 80 °C until reaching constant weight. They were
then were ground, sifted through a 1.25 mesh sieve, and washed
with water (3 x 100 mL g~ ). They were then oven-dried 18 h at
80 °C before biosorption. Coffee grounds were washed several
times with hot water until the filtrate became colorless and then
were oven-dried 18 h at 80 °C before biosorption.

2.2. Preparation of Eco-Pd

The dried palladium-loaded biomaterials were thermally
treated at 550 °C under air for 4 h. The resulting ecocatalysts were
characterized by MP-AES analyses. The experiments were per-
formed three times and in each of the three experiments, three
samples were analysed.

2.3. Biosorption isotherm studies

Eichhornia crassipes was chosen as a model adsorbent for opti-
mising the biosorption process. Solutions with different initial Pd
concentrations (from 10 to 100 mg.L~!) were used in 250 mL
batches with 250 mg adsorbent at pH 3.0 at 293 K. Mixtures were
stirred vigorously for 2 h. The effect of Pd concentration on the
biosorbent was analysed in terms of Langmuir model and Freund-
lich model as described in SI.

2.4. Biosorption kinetics

Kinetic studies were carried out using powdered dried roots.



Roots of E. crassipes were exposed to concentrations Cp of 14 mg.L~!
of Pd (0.132 mmol.L~! of Pd(NH3)4(NO3),) using different initial
adsorbent loading (1 gL~ % 1.5 gL~ 1, 2 gL~ 1). After 2 I’ stirring, the
powder was separated by filtration, mineralised, and analysed by
MP-AES to quantify the amount of sorbed Pd (qmg/g). Three replicate
experiments were conducted for each set of conditions (See Table 1
in SI for details).

3. Results and discussion
3.1. Biosorption isotherm studies

As mentioned previously, E. crassipes was chosen as a model
adsorbent and a comparative study was conducted with the rhi-
zofiltration system, i.e. using 1.5 g of roots of a living plant. In order
to understand the biosorption behaviour, we compared the
amounts of biosorbed Pd on the model biomass E. crassipes,
depending on the initial Pd concentration, under the previously
described experimental conditions. Results are shown in Table 1 of
the SI. The amount of Pd adsorbed increased with increasing con-
centration of Pd to reach an optimum value. Regression using the
Freundlich models was rather poor while the Langmuir model gave
a reasonable R? coefficient (SI: Table 2). Plotting the amount of
biosorbed Pd at equilibrium versus the equilibrium Pd concentra-
tion in solution, as shown in Fig. 1, supports a few conclusions. First,
the steep slope of the curve at low solution Ce concentrations in-
dicates that the number of easily accessible sites by the Pd is rather
high.

A plateau in the amount of biosorbed Pd was observed when the
equilibrium concentration Ce reached 13.5 mg.L~!, indicating that
the biosorbent was saturated and that the maximum capacity of
biosorption Qmax Was reached at around 29.9 mg g~ . This figure is
close to the maximum biosorption capacity of R. lanuginosum
biomass (37.2 mg g~ ') (Sheldon, 2005). It is lower than that re-
ported for Terminalia catappa (41.86 mg g~!) (Ramakul et al., 2012),
but in that case, a hazardous treatment of biomass (concentrated
sulfuric acid and neutralization) was required to reach this per-
formance (Ramakul et al., 2012).

3.2. Biosorption kinetics

Because Pd(OH), precipitates, with time, at pH > 3.3 (Clavé et al.,
2017), we initially studied biosorption in acidic media (HNOs,
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Fig. 1. Amount of biosorbed Pd at equilibrium (qe) as a function of Pd concentration in
solution at equilibrium (Ce).

10~ M) in batch mode under vigorous stirring. Fig. 2 illustrates the
kinetics of Pd biosorption by dried roots of E. crassipes in powder
form (q/mg.g~!) compared to that by rhizofiltration from the
plant’s living roots. These results highlight the better performance
of the dried roots. It was possible to extract 12.5 mg of Pd with 1 g of
root powder by biosorption, while 1.5 g of living biomass can
phytoaccumulate a maximum of 9.5 mg of Pd by rhizofiltration
(Clavé et al., 2017; Garel et al., 2015). Moreover, biosorption was
faster than rhizofiltration. Using biosorption, the whole amount of
Pd was bioconcentrated within 30 min with 2 g of biosorbent,
whereas rhizofiltration was not total after 120 min (Fig. 1). Finally, it
is important to point out that no desorption was observed in either
case.

Encouraged by these results, we studied biosorption kinetics as
a function of the amounts of powdered dried roots in order to
determine the best conditions for full-scale batch processes of Pd
removal. Three theoretical models (pseudo-first-order, pseudo-
second-order and intra-particle diffusion models) were examined
in order to define the parameters of the biosorption kinetics.

The capacity of biosorption at equilibrium (qe), the capacity of
biosorption at time t (q;), rate constants (k, kz and kiq) and R? were
established by the linear least-squares method. Table 1 illustrates
the results obtained.

The pseudo-second-order kinetic model led to the best coeffi-
cient of determination R?> (0.998 < R? < 1.000). Given this
remarkably high value, we assumed that biosorption fitted best the
pseudo-second order rate model:

d
k(e - ar)® (M

where k; is the rate constant of biosorption and qe (mg.g~!) is the
amount of Pd biosorbed at equilibrium. Our assumption that this is
the best-fitting model is consistent with experimental studies and
mathematical modelling of biosorption from other natural feed-
stocks such as modified spent coffee grains (Cerino-Coérdova et al.,
2013), E. crassipes root biomass derived from activated carbon
(Giri et al,, 2012), tree fern (Negm et al., 2017), sugar beet pulp
(Altundogan et al., 2007), and modified soybean straw (Zhu et al.,

+
+
12 o + +
10 +
+
. +
i 8 S
o + + + +
£ 6- *
= +
4 - - + Biomass concentration
Biosorption:

2 4 4+ 1lg.lL? Rhizofiltration:
1.59.L7! + 15g.L7!
2g.L?

o + + 29

T T
0 20 40 60 80 100 120
time (min)

Fig. 2. Kinetics of Pd biosorption by powdered dried roots of Eichhornia crassipes and
rhizofiltration from the plant’s living roots.



Table 1

Kinetic parameters obtained from different concentrations of powdered dried roots of Eichhornia crassipes and rhizofiltration by the plant’s living roots.

Biosorbent concentration (g.L-1) Kinetic models

Pseudo-first-order

Pseudo-second-order

Intra-particle diffusion model

ki (min~')  qe(mgg') R? ky (gmg 'min')  ge(mgg!) R? kia (mg.gmin%%) g R?
0.0348 577 0745  0.02173 12.89 09977 09544 41353 07234
15 0.0398 5.49 09395  0.02351 9.77 09979  0.7497 27508  0.7814
2 0.1929 11.58 09152 0.04210 736 09978 0565 22738 0.729
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Fig. 3. Effect of contact time between Pd and biosorbent (powdered dried roots of
Eichhornia crassipes) with different concentrations of biosorbents
(1gLl L15gL 'and 2 gL ™).

2008).

According to the pseudo-second order model, biosorption rate is
controlled by the adsorption on the internal surfaces of the pores of
the plant powder. As shown in Fig. 3 and by the k; values (Table 1),
biosorption was very rapid and reached equilibrium in about
30 min.

3.3. Effect of biosorbent amount on Eco-Pd composition

This study had a dual objective: i) developing an efficient eco-
technology to recycle Pd and ii) transforming the Pd-enriched
biosorbent into ecocatalysts, called Eco-Pd, for modern chemistry.
Therefore, it was interesting to compare the performance of Pd
biosorption with the %Pd after transformation of the biosorbent (E.
crassipes) into Eco-Pd. The Eco-Pd was derived from a thermal
treatment of powder under air flow. Thus, the composition of the
residue after thermal treatment was determined (see Table S6), for
details, replications and RSD). In addition to Pd, the major physio-
logical cations (Mg, Fe, Al, Ca, Na and K) were present because of the
bio-sourced origin of the catalyst. As shown in Fig. 4, the use of a
high amount of biosorbent resulted in the dilution of Pd by phys-
iological mineral elements (Na, K, Mg, Ca). When 1 g.L™! of bio-
sorbent was used, an interesting compromise could be obtained
between efficient biosorption of a 14 mg.L~! Pd solution and high
Pd loading (27.76%) in thermal residues. This concentration was
greater than that of Eco-Pd derived from rhizofiltration (25.29%).

1g.L! 1.5g.L71 2g.L?
biomass concentration (g.L™1)

Fig. 4. Performance of Pd biosorption with different amounts of biosorbent (powdered
dried roots of E. crassipes).

3.4. Effect of the different parts of E. crassipes root system and its
components

The performances of different parts of the E. crassipes root sys-
tem prepared in different ways (stems, dried roots in native form,
dried whole root, powdered dried roots and powdered dried
rootlets) were established. Fig. 5 summarizes the main results with
1 gL~ ! of biomass and 14 mg.L~! of Pd.

Performance differed markedly for different parts of the root
system. Rootlets were more efficient than roots, the latter being
more efficient than stems. Grinding the roots boosted biosorption
by facilitating the internal distribution of Pd.

3.5. Extension of biosorption to other ecomaterials (1 g.L™)

Previously, we demonstrated that E. crassipes roots are rich in
carboxylate functions. It seemed interesting to test for correlations
between biosorption performances and the abundance of carbox-
ylate functions (Stanovych et al, 2019; De Laet et al., 2019).
Consequently, we investigated different materials derived from
plant feedstocks. They may be divided into four groups:

- plants rich in cellulose: crude cellulose (group 1);

- plants rich in lignin: lignin extracted from wheat straw (see SI
for more details), pine cones (group 2);

- wastes rich in tannins: coffee grounds, green tea grounds (group
3)

- green algae, powdered dead roots of M. aquatica, E. crassipes,
P. stratiotes, L. peploides, and Nymphaea alba L. (white water lily,
Nymphaeaceae), rich in carboxylate functions (group 4).
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Fig. 5. Performances of Pd biosorption with different parts of the Eichhornia crassipes
root system, prepared in different ways.

Results of biosorption with these other ecomaterials are sum-
marized in Fig. 6.

Cellulose and ecomaterials rich in tannins (coffee grounds and
green tea grounds) adsorbed small amounts of Pd (2.7—-7.0 mg g~ ).
However, Pd biosorption was higher using ecomaterials rich in
lignin (group 2) and aquatic plants (group 4) and to a lesser extent
with green algae. Powdered roots of N. alba, E. crassipes, P. stratiotes,
L. peploides and M. aquatica can remove from 91% to 97% Pd from
aqueous solution within 2 h and using 1 g.L~! of biosorbent. Green
algae did not allow the same performance, because Pd was brought
in solution by soluble fragments of algae. The high Pd sorption by
pine cones (96%) is notable. A preliminary conclusion from this
work is that biosorbents rich in carboxylic functions perform best.

3.6. Effect of pH

The pH of the aqueous solution might be an important param-
eter modulating the biosorption capacity of a natural sorbent.

The best operational conditions were determined based on two
parameters that seem to vary in opposite ways:

i) As mentioned previously, at pH > 3.3, the precipitation of Pd
salts was previously reported (Clavé et al., 2017). So it was fair to
assume that precipitation of the metallic species would prevent
efficient adsorption on the biomaterials.

ii) Nonetheless, we have recently shown that materials based on
roots of aquatic plants are rich in carboxylate functions
(Stanovych et al,, 2019; De Laet et al., 2019). This fact could make
roots of our group 4 plants more suitable than the biosorbents of
other groups for the biosorption of Pd, owing to their stronger
affinity for transition metals based on the formation of metal
carboxylate salts. At pH < 3, the carboxyl group becomes COOH,
potentially reducing biosorption efficiency. For this reason,
operating the biosorption in an acidic aqueous solution could
hinder adsorption of Pd.
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Fig. 6. Biosorption of Pd with different ecomaterials at pH = 3.

In this study, kinetic studies showed that Pd biosorption with
powdered dried roots was very rapid, and might be completed
before significant precipitation occurs. A material balance between
the amount of Pd biosorbed in plant powder and the amount of Pd
removed from solution was performed in order to verify if there
was precipitation of Pd(OH),. The data suggested that in these
conditions, biosorption was faster than precipitation. This obser-
vation is rather unusual and interesting, as many assessments of
biosorbents in the literature have shown that adjustment to pH < 6
was required (Giri et al., 2012; Altundogan et al., 2007; Zhu et al.,
2008). Our results show that it is not necessary to work under
acidic conditions.

Requirement for an acidic pH is undesirable in green chemistry.
Ir therefore seemed interesting to determine the effect of pH on
biosorption and to check whether it is necessary to work under
acidic conditions. Thus, comparative experiments were undertaken
at pH = 3 and pH = 7 with biosorbents that performed best under
standard conditions (Pd(NO3);4NH3 at 0132 mmol.L™!:
[Pd] = 14 mg.L™!, E. crassipes powdered dried roots: 1 g.L~1).

The results are shown in Fig. 7 (See SI Table 9 for MP-AES
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Fig. 7. Performance of Pd biosorption of E. crassipes powdered dried roots at pH 3 and
pH 7 (100% Pd biosorption obtained when q. = 14 mg g !).

assessments with replications and RSD).

No significant difference in Pd biosorption could be measured
between pH = 3 and pH = 7 (12.7 and 12.0 mg g~ ! respectively). In
both cases, biosorption was high (around 90%). This allows us to
conclude that, in our experimental conditions, it is not critical to
operate the biosorption at pH < 3, even when utilising carboxylate-
rich biomass.

3.7. Comparative study of batch mode and fixed-bed column

Based on the results presented above, a study comparing batch
mode and fixed-bed column was performed at pH = 7 with the
best-performing biosorbents (1 g.L~!). The results are presented in
Fig. 8 (See SI Table 11 for details).

In most cases, the results showed that the column mode led to a
slight increase in sorption performance. A factor that may
contribute to this effect is the solution’s concentration, which
continuously decreases in the batch mode, unlike in the column
system. As seen in the kinetic studies, biosorption was rapid and a
short time of residence (non-limiting step) was sufficient to reach
equilibrium in column mode.

3.8. Environmental performance of the methodology

We evaluated the environmental performance of our method-
ology. For this, we compared our approach with seven methodol-
ogies (some classical and some more innovative) in terms of criteria
that are most commonly considered as limitations to the environ-
mental sustainability of chemical procedures, such as their
dependence on the use of high temperatures, or of toxic solvents or
reagents. For example, both high temperatures and oxidants are
used for Pd recovery in pyrometallurgy, which thus cannot be
considered as entirely ecologically appropriate. Conversely, this
work presents a method where none of these environmentally
“unfriendly” parameters are needed and which can therefore be
considered as “green” and cleaner that other reported processes
(Table 2).

The sorbents used in this study were renewable resources that
can be obtained at no cost and are abundant in nature. Their
preparation did not require any chemical or enzymatic treatment.
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Fig. 8. Comparative study of Pd biosorption performance with batch mode and fixed-
bed column.

After drying in the sun, a simple grinding allowed obtaining vegetal
filters. The process was direct, very easy to implement and efficient,
even at neutral pH. Consequently, no acid or basic treatment was
required, which avoided the formation of wastewaters and inor-
ganic wastes. No heating, hazardous additives, oxidants, solvent or
other reagents were required. The process is completely natural.
Additionally, the use of E. crassipes, P. stratiotes, and L. peploides as
plant filters constitutes an opportunity for recovering Pd using
invasive plants and provides strong motivation for their harvest
and thereby the control of their proliferation. It is therefore, in
every respect, an ecological and environmentally friendly
methodology.

3.9. Recovery of platinum group metals by selective biosorption

Precious metals such as Pd, Rh, Pt, Ru, and Ir are essential for
many chemical processes and create high added value for the
chemical industry (Hunt et al., 2015). These metals are commonly
found in the same ores (i.e. stibiopalladinite, cooperite, braggite)
(Verryn and Merkle, 1994). Therefore, we first tested the recovery of
each of these metals individually with the model biosorbent,
powder derived from E. crassipes. In a second step, the selective



Table 2

Comparison of environmental performances known methodologies and those used in the present study. For each method, processes limiting environmental sustainability are

marked in red if they are required for the technique and in green if they are not.

Environmental limitations

Temperature

Solvent

Acidic or basic medium

Hazardous additives

Oxidants

Treatment of biosorbent

adsorption of platinoids was studied using a ternary solution con-
taining Pd, Rh and Pt, in a 1:1:1 M ratio.

The initial palladium concentration was fixed to 14 mg.L~! Pd,
and concentrations of the other platinoids were varied to get
similar molar ratios. Experiments were performed with the
objective of determining the biosorption capacity of each PGM,
while in competition. The percent biosorption of PGMs (Bios;, Eq.
(2)), was determined by MP-AES assessments, according to equa-
tion (2) established by Chen et al. (2011) (see SI Table 12, MP-AES
assessments with replications and RSD).

Biosi:(coc;o_ce)i x 100 (2)
B

where Cy (0.14 mM) and Ce (x mM) are the initial and final metal
concentrations in 1 L of solution and 1 g of dried root of E. crassipes.

The results are presented in Fig. 9.

While Ru and Ir were not biosorbed in only negligible quantities,
Pd, Rh and Pt each had an interesting and different affinity for the
plant powder. Taken individually, biosorption capacity for Pd
(88.8%) was greater than that for Rh (67.6%), and Pt (64.3%). The
greater affinity of Pd over Rh and Pt for E. crassipes powdered roots

100
88.8

80

60

Bios; (%)

- 40

- 20

T T —- 0
Pd Rh Pt Ru Ir

Fig. 9. Percent biosorption of Pd, Rh and Pt by powdered dried root of E. crassipes, in
competitive conditions.

was interesting in terms of biosorption selectivity. Therefore, we
carried out the competitive biosorption of these three PGMs with
an equimolar ratio (0.132 mmol) in 1 g.L~! suspension of biosorbent
(Fig. 10).

The results shown in Fig. 10 (see SI Table 13 for detailed data)
confirm that the biosorption of Pd was highly efficient. In the
competitive experiment, with 1 g.L~! of biosorbent, 57.5% of Pd was
successfully removed. This was substantially lower than the level
reached with a single-component solution, probably due to the
presence of the two other PGMs (Pd: 0.132 mmolL™! Rh:
0.132 mmol.L~, Pt: 0.132 mmol.L~ 1) that were introduced using the
same amount of biosorbent (1 g.L~!). In competitive conditions,
biosorption capacity of PGMs to this biosorbent can be ranked as
follows: Pd > Rh > Pt. Under selected experimental conditions, a
separation selectivity was calculated for Pd in comparison with Rh
and Pt. This selectivity factor (Seli;) was evaluated according to
equation (3) and is depicted in Fig. 11 (Kyzas et al., 2014).

_ (Qe/Ce)i

(Qe/Ce);

The index i corresponds to Pd and index j refers to the remaining
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Fig.10. Competitive biosorption of Pd, Rh and Pt in an equimolar ratio using powdered
roots of E. crassipes as biosorbent.
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Fig. 11. Selectivity of biosorption of Pd compared to that of Rh and Pt in ternary
solution.

metals in the solution other than i (Rh or Pt).

Significant differences in selectivity were observed (See SI
Table 13 MP-AES assessments with replications and RSD). The
first remark is that a selectivity around 2 is already interesting,
around 5 is good and around 20 or above is very good. A selectivity
of 18 (Pd/Pt) in a competitive experiment is therefore very inter-
esting for metals that are often encountered together, and will
allow a high level of purification in a small number of runs. A higher
degree of selectivity was observed between Pd and Pt (18.1) than
between Pd and Rh (4.9), which means that the affinities of Pd and
Rh for E. crassipes are more similar. These results are consistent
with those obtained for leaf biomass of T. catappa (Zhang et al.,
2019). The effectiveness of biosorption can be described as a pro-
cess of separation of Pd and Pt. This selectivity is of great interest,
especially since most ores are composed of a mixture of Pd and Pt.

3.10. Potential mechanisms

These data (biosorption of Pd with different ecomaterials,
selectivity of biosorption) exhibit the high affinity of Pd for root
powder derived from aquatic plants, especially E. crassipes. Mean-
while, it raises questions: are the observed performances the con-
sequences of functional traits of aquatic plant species (hypothesis
1), or the consequences of the chemical reactivity of Pd" (hypoth-
esis 2)?

3.10.1. Evaluation of hypothesis 1: a consequence of functional
traits of aquatic plant species

We hypothesized that the high affinity of aquatic plants for Pd
can be a consequence of traits specific to these plants, particularly
the chemical structure of their roots. We suggest that submerged
and amphibious species require root characteristics that allow
them to adsorb nutrients with remarkable efficiency. Indeed, nu-
trients such as iron, magnesium, calcium, and others are found at
very dilute concentrations in water. The presence of carboxylate
functions at the surfaces of roots allows the efficient capture of ions.
It is well known that E. crassipes roots are rich in hemicellulose
(Ruan et al., 2016) and thus in carboxylate functions. Recently, we
have proven by mathematical fitting of FTIR-ATR assessments that
roots of many aquatic plants (M. aquatica, E. crassipes, P. stratiotes,
and L. peploides) are rich in carboxylate functions (Stanovych et al.,
2019). The natural affinity of carboxylate moieties for transition

metallic elements is consistent with functional features of aquatic
plants and the biosorption performances of their roots. To test this
hypothesis, we carried out the esterification of carboxylic functions
of root powder derived from E. crassipes (Scheme 1, see SI for more
details). The powder was introduced in methanol with a catalytic
amount of sulfuric acid. A comparative study of biosorption ca-
pacity was performed with 40 mg g~! of Pd and 1 g.L~! of bio-
sorbent (powder of E. crassipes roots) as described by Grison et al.
(Dong et al., 2015).

The observed decrease in biosorption capacity confirmed the
role of carboxylate functions. However, the fact that some bio-
sorption still occurs revealed the participation of other functional
groups (or of another mechanism), which could be hinted at also by
the non-negligible performance of biosorption at pH = 3 (see
paragraph 3.6) when the acidic moieties are protonated. We sug-
gest that the specific reactivity of Pd" could explain why bio-
sorption capacity was not reduced to zero after esterification or
acidification.

3.10.2. Evaluation of hypothesis 2: a consequence of the chemical
reactivity of Pd

Pure lignin and pine cones, rich in lignin (group 2), exhibited an
interesting affinity for Pd, despite the lack of carboxylate moieties
in their composition. One can wonder through which process the
Pd is biosorbed on this type of biomass.

The ability of Pd" to develop stable complexes with unsaturated
systems could provide an explanation. Pd"-m interactions have
already been reported as the driving force for guest encapsulation
(Nakajima and Hori, 2014). Rios et al. have described that arenes
derived from phenols could form w-bonds to palladium in a 1°
coordination mode (Rios et al., 2012). Lignin is able to form Pd"-x
interactions (phenyl rings). This could explain why Pd is efficiently
biosorbed by lignin and pine cones (group 2). Using theoretical
studies based on DFT-HF calculations, we tested the likelihood of
formation of such Pd'-mw complexes, in particular for the p-0-4
lignin model dimer with the studied Pd cation. Our results showed
mutual attraction between the lignin model and the Pd salt.
Interestingly, results predict a short contact between Pd" and the
electron-rich ring with a C—Pd distance of 3.43 A (Fig. 12), close to
the van der Waals distance (3.33 A).

The ring Pd—C distance is close to the Pd—C distance described
by Rios et al. (2012) and illustrates clear Pd"-m enyl interactions
that were formed in the stable state. Another significant structural
feature is found with the formation of hydrogen bonding (dnp-
o = 1.97 A). This result is another indication of a stabilization of the
T complex.

To confirm this hypothesis, we studied the biosorption of the
lignin model with Pd". In this experiment, 0.3 mmol of B-O-4 lignin
model dimer was able to sorb 2 ppm of Pd in water.

We can conclude that the second hypothesis (consequence of
the chemical reactivity of Pd) can explain the high biosorption of Pd
by types of biomass in group 2, being supported by both experi-
mental results and theoretical analyses. This preliminary study
opens new perspectives in the rationalization of Pd biosorption.

MeOH
—_—
H,SO,
COONa COOMe
ge = 40 mg.g”" Qe =25 mg.g™

Scheme 1. Biosorption capacity after esterification of root carboxylic functions.



Fig. 12. Pd" — 7 enyl interaction and hydrogen bonding between Pd and the lignin
model. Distances in A, C in red, H in white, O in red, N in violet, Pd in purple.

4. Conclusion

Powdered roots of aquatic plants (E. crassipes, P. stratiotes, L.
peploides, M. aquatica) displayed an excellent capacity for Pd bio-
sorption. Among the two developed processes, namely the batch
mode and the fixed-bed column, the latter showed slightly better
results. Moreover, a selective separation of Pd, Pt, Ru and Ir was
shown to be possible, and selectivity was surprisingly high from a
ternary solution of Pd, Rh and Pt. Interestingly, these three metals,
the most valuable of the series, are the ones that showed best
biosorption. Ir and Ru could therefore be efficiently separated from
the rest of the PGMs.

The process was clean, rapid, efficient, and straightforward to
implement, even at neutral pH.

The affinity of biosorbents could result from two processes: the
high density of carboxylate functions in roots of aquatic plants and
Pd'-r interactions with the B-0O-4 linkage in native lignin.

The sorbents used are natural, cheap and abundant in nature.
The use of E. crassipes, P. stratiotes, and L. peploides as plant filters
constitutes an opportunity for the recovery of Pd from invasive
plants and provides strong motivation for their harvest and thereby
the control of their proliferation.

The robustness and repeatability of the process was ensured by
the use of material from dead plants, and the its transformation
into powdered form with a controlled granulometry. Biosorption
kinetics fit very well the pseudo-second order rate model. These
new ecomaterials are ideal for the preparation of future catalysts in
organic synthesis.

The inventive combination incorporating biosorption combined
with ecocatalysis is a real opportunity for the ecologically sus-
tainable recycling of Pd and other strategic precious metals.
Therefore, an additional outcome of our study is the perspective of
identifying conditions that could be scaled up to allow meaningful
uses of these processes in green catalysis. This aspect will be the
subject of further studies (Adler et al., 2021).
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