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Abstract
This study investigates the potential of hydroalcoholic extracts of Cistus ladanifer L., Erica Andevalensis and Rubus idaeus 
L. as a green method for the recovery of platinum group metals (PGMs) from both synthetic unimetallic solutions and mul-
timetallic solutions obtained from the leaching of two different spent automotive catalytic converters (SACC). Experiments 
with unimetallic solutions revealed that E. andevalensis and R. idaeus extracts could separate about 70% of Pd and less than 
40% of other tested metals (Al, Ce, Fe and Pt) from the solutions. Then, application of the plant extracts to two different 
SACCs leachates showed that E. andevalensis and R. idaeus extracts can induce high precipitation (> 60%) of Pd and Pt 
with co-precipitation of less than 20% of other metals. UV–Visible spectra analysis confirmed the bio-reduction of  Pd2+ 
ions into  Pd0 nanoparticles by R. idaeus extract, and Fourier transform infrared spectroscopy (FTIR) analysis revealed the 
contribution of functional groups of the phytochemicals present in the extract (such as phenols, flavonoids and anthocyanins) 
in the  Pd2+ bio-reduction and stabilization. Afterward, scanning electron microscopy with energy-dispersive X-ray spectros-
copy (SEM–EDX) analysis of the precipitate obtained from one leachate with R. idaeus extract demonstrated the presence 
of Pd particles along with organic compounds and particles containing other metals. Therefore, particles were subjected 
to a washing step with acetone for further purification. Finally, scanning transmission electron microscopy with energy-
dispersive X-ray spectroscopy (STEM-EDX) analysis showed the high purity of the final Pd particles and high-resolution 
STEM allowed to determine their size variation of 2.5 to 17 nm with an average Feret size of 6.1 nm and confirmed their 
crystalline structure with an interplanar lattice distance of ~ 0.22 nm. This green approach offers various benefits including 
simplicity of Pd separation from the leachates as valuable nanoparticles that makes the process more feasible from economic 
and environmental standpoints. A process cost of ~ 20 $/g of Pd particles recovered was estimated (excluding manpower).
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Introduction

In the last century, due to rapid industrialization, the applica-
tion of platinum group metals (PGMs) emerged in various 
industrial sectors. The demand for PGMs is continuously 
increasing and more than 90% of their applications in the 
industries are in the catalysts’ processing (Wongsawa et al. 
2020). The rising demand for these metals is reported to be 
at a higher pace than the other base metals used primarily in 
catalysts (Wei et al. 2019).

Automotive catalytic converters (ACC) have been 
increasingly applied for the transformation of carbon mon-
oxide and hydrocarbons into carbon dioxide and water since 
the mid-1970 (Benson et al. 2000). Every year, a consid-
erable part of the global extraction of PGMs is applied in 
ACC production, comprising 30% of Pt, 80% of Pd and Rh 
(Supply Chain Deep Dive Assessment 2022). Thus, SACCs 
that are replaced or from automotives that reach the end of 
their life become a secondary source of these metals. PGM 
grades in the ores range from 3 to 8 g/t (Kyriakakis 2005), 
while the monoliths of ACCs contain PGMs in a range of 
1–3 kg/t (Karim and Ting 2021). Therefore, PGM recovery 
from SACCs reduces the energy consumption, waste dispos-
als and environmental pollutants. For example, Fornalczyk 
and Saternus (2011) reported that in order to obtain 1 kg 
of Pt, about 150 tons of natural ores needs to be processed, 
which generates 400 tons of wastes, while the recycling of 

the same amount of Pt can be achieved by processing of 
2 tons of ACCs. From 2008 to 2018, demand for PGMs 
has been raised about 10%, and they are mostly used in the 
catalytic converter industry (Platinum 2008; PGM Market 
Report 2018). In fact, it is expected that due to more strict 
environmental regulations, the demand trend for PGMs will 
continuously increase (Saguru et al. 2018). Considering this 
increasing secondary source of PGMs in ACCs, recycling 
these metals is critical from both financial and environ-
mental standpoints. Recycling and long-term management 
of these wastes are critical steps to ensure the long-term 
viability of mining resources, thus mitigating the rising 
resource scarcity. However, due to the low concentration 
and high metal complexity in these wastes, their recycling 
still remains a challenge (Zhang and Xu 2018).

Currently for the metal recovery processes, hydrometal-
lurgical methods are favored over pyrometallurgical methods 
and are developing every day since they are more environ-
mentally and economically viable, with possibility of per-
forming in wide-scale, diverse reagent options and using 
leachates from materials containing very low to very high 
grade of metals (Jeon et al. 2020; Kumari and Samadder 
2022). PGM hydrometallurgical recovery from wastes starts 
with a metal leaching procedure (typically nonmetal-spe-
cific) and is followed by a metal separation phase from the 
generated leachates (Karim and Ting 2021). In the former 
conventional and long-established leaching systems for the 
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recovery of PGMs, highly toxic and/or aggressive leaching 
solutions are employed, such as cyanide-containing media 
(with ~ 5% to ~ 20% cyanide, at ~ 100 °C to ~ 180 °C) or aqua 
regia (~ 12 M of acidity, at ~ 70 °C to ~ 110 °C) (Sibrell et al. 
1994; Jafarifar et al. 2005; Chen and Huang 2006; Baghalha 
et al. 2009; Yakoumis et al. 2021). However, more recently 
the mainstream processes employ HCl-based systems with 
 H2O2 as oxidizing agent, which are known to be greener 
than other leaching systems and still have PGM recoveries of 
about 95% (Jimenez de Aberasturi et al. 2011). The addition 
of oxidizing agents improves the hydrolysis efficiency and 
reduces the pollutant gases in the leaching system, allowing 
to decrease the acidity by balancing the ratio of HCl to  H2O 
and/or using other oxidizing and chlorine sources includ-
ing  AlCl3, NaCl, NaClO and  CuCl2 (Yakoumis et al. 2021). 
Regarding economic aspects, the interests of the concerned 
industries were initially mainly focused on the recovery 
efficiency; nevertheless, more recently the focus is also on 
developing sustainable processes with less environmental 
impact (Trinh et al. 2020). In the leaching step, which is the 
most crucial stage in hydrometallurgy, mild leaching pro-
cedures (lower acidities, temperatures and leaching times) 
are known to decrease waste generation, thus lowering the 
waste management and operational costs. For instance, mild 
HCl–H2O2-based leaching systems (generally using ~ 3 M to 
6 M HCl and 1% to 10%  H2O2 at 25 to 90 °C for ~ 3 h) do not 
emit toxic by-products and gases, therefore being among the 
most efficient and sustainable processes for the recovery of 
PGMs from SACCs (Yakoumis et al. 2021).

Different physiochemical methods for PGM separation 
from the leaching solutions are described in the literature, 
such as solvent extraction (Costa et al. 2013; Paiva et al. 
2022), ion exchange (Lanaridi et al. 2022), molecular rec-
ognition technology (Izatt et al. 2015) and molecular ion 
imprinted polymer (Limjuco and Burnea 2022). However, 
some of those techniques may have drawbacks such as inad-
equate metal recovery (especially for low concentrations of 
metals), high energy requirements, as well as high chemical 
costs and environmental problems. This issue leaves open 
space for the emergence of new technologies aiming efficient 
PGM recovery with less operational costs and reduction in 
energy consumption while being environmentally friendly 
(Granados-Fernández et al. 2021). As a result, metal bio-
recovery strategies, which make use of biological materials 
and/or processes, have attracted growing attention in recent 
years.

Recovery of PGMs from ACCs through bio-hydro-
metallurgical methods have not been extensively studied 
yet, which shows the importance of further investigations 
into alternative sustainable and effective PGM recovery 
processes with a low-carbon footprint (Karim and Ting 
2021). To the best of our knowledge, by now, studied bio-
hydrometallurgical procedures are mainly focused on the 

PGM bio-leaching from ACCs, benefiting from different 
organic acids or microorganisms. Bio-leaching processes 
employ organic acids such as oxalic or lactic acids (Wiecka 
et al. 2022) or microorganisms including bacteria, such as 
reported by Ilyas et al. (2022) and Karim and Ting (2022), 
or fungus like reported by Bahaloo-Horeh and Mousavi 
(2022). Nevertheless, it has been shown that microorgan-
isms can also be used to separate PGMs from solutions by 
different mechanisms, including bio-reduction, bio-precip-
itation, chelation, extracellular sequestration and bio-sorp-
tion (Zhang et al. 2020). Moreover, it is known that several 
plants’ secondary metabolites can interact with metal ions 
through different mechanisms. Plants synthesize a wide vari-
ety of bioactive compounds, including phenols, saponins, 
alkaloids, organic acids, proteins, etc., which possess polar 
functional groups such as phenolic, hydroxyl, carboxyl, 
amino and sulfo, which capacitates these compounds to 
interact with metals through different processes, such as 
reduction (Ishak et al. 2019) and chelate/complex formation 
and precipitation (Ma et al. 2016). Thus, those compounds 
have application potential in various metal related industrial 
sectors, such as metal recovery/removal from solutions, bio-
synthesis of nanoparticles, treatment of metal-bearing waste-
waters (Nobahar et al. 2021). In the case of PGMs, Ishak 
et al (2019) reviewed different studies about their interaction 
with plant compounds, pointing phenols, flavonoids, terpe-
noids, carbohydrates, proteins, amino acids and polysaccha-
rides as the most important secondary metabolites having 
interaction potential with metals of this group. In fact, there 
are different works reporting the application of different 
secondary plant metabolite-rich extracts with PGM ions 
and their separation potential from unimetallic solutions as 
nanoparticles. For instance, Areca Nut Husk extracts (Hegde 
et al. 2021), Tea polyphenols (Hu et al. 2022) and Aspala-
thus linearis (Ismail et al. 2017) natural plant extracts are 
reported to separate successfully Pd, Pt and Rh ions respec-
tively, from unimetallic solutions as nanoparticles.

In short, being aware that hydrometallurgical processes 
are advantageous compared to pyrometallurgical processes, 
to recover PGMs from ceramic honeycombs of SACCs it 
is necessary to decide which type of leaching process to 
apply. The choice between an approach based on toxic con-
ditions and/or with very aggressive acidic solutions, or an 
approach with non-toxic and milder acidity solutions with 
an oxidizing agent, should in our opinion point to the second 
option, considering current concerns on waste management 
and environmental protection. Then, knowing that leach-
ing is a nonmetal-specific process, it is necessary to decide 
how to recover PGMs from the leaching solution. At this 
point several methods allowing a high degree of selectivity 
to recover PGMs with great purity are possible, but require 
chemicals that may have high prices and/or be toxic and/or 
require the use of toxic solvents. On the other hand, the use 
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of plant extracts to recover PGMs in a process known as 
nanoparticle green synthesis seems also possible. However, 
although this so-called green process has been widely stud-
ied with different types of plant materials, to the best of our 
knowledge these studies have always been carried out with 
unimetallic solutions. Thus, it seems that there is lack of 
studies on the application of plant extracts to recover target 
metals from multimetallic leaching solutions obtained from 
real waste materials.

The present work investigates a novel process in PGMs’ 
separation from unimetallic solutions and from multimetal-
bearing leachates using three plant-based extracts and then 
studies the precipitates obtained from one leachate with a 
selected extract, aiming to contribute for the development of 
eco-friendly and efficient green technologies as alternatives 
for the recovery of these metals from secondary sources. 
After a first set of experiments using plant extracts to sepa-
rate PGMs from unimetallic solutions at relatively low acid-
ity (0.02 M HCl), the same extracts were used to recover 
PGMs from multimetallic leachates. For that purpose, two 
SACCs leachates obtained in harsh conditions (11.6 M HCl, 
1% H2O2 and 60 °C) in a previous work were diluted in 
water to obtain solutions similar to those produced in milder 
leaching processes (more economic and environmentally 
sustainable), and the diluted leachates were used to study 
the potential application of nanoparticle green synthesis to 
recover PGMs avoiding the fast hydrolysis of plant com-
pounds that would occur in harsh solutions.

Materials and methods

Experimental approach

The capacity of 70% (v/v) ethanolic plant extracts to precipi-
tate metals was tested on different metal-bearing aqueous 
solutions: (1) first on unimetallic solutions prepared from 
standards commercialized for metals analysis and (2) then 
on leachates from spent automobile catalytic converters. 
For that purpose, the plant extracts were mixed and homog-
enized at a 1/1 (v/v) ratio with the metal-bearing solutions 
and mixtures prepared in the same way but using pure 70% 
ethanol (without plant compounds) were used as controls. 
The initial and the final concentrations of metals in the mix-
ture were used to calculate percentages of removal from 
solution.

In addition, the putative effect of pH changes on metal 
removals was evaluated by comparing the initial pH meas-
ured in the metal-bearing solutions, the pH values in the 
mixtures and the estimated lowest pH at which metal pre-
cipitation is expected to occur according to theoretical simu-
lations on the Medusa-Hydra software (Puigdomenech 2015) 

for increasing pH values (− 1 to 14) in aqueous solutions 
using parameters that mimic the tested matrices.

Experiments were carried out in triplicates in 50-mL cen-
trifuge tubes at room temperature (20 ± 3 °C), and samples 
were collected for pH measurements and for metal analysis 
after 1 and 48 h of reaction.

The significance of differences between means of differ-
ent experimental treatments (test 1 h, test 48 h, control 1 h 
and control 48 h) were assessed by the single factor analysis 
of variance (ANOVA) considering a significance threshold 
level of 5%. Then, when ANOVA revealed significant dif-
ferences among treatments, post hoc tests were carried out 
with Tukey Kramer's tests (also for 5% significance level).

Plant extracts

Three types of plant leaves were collected for this study: 
from Cistus ladanifer L. (crimson spot rockrose); from Erica 
Andevalensis Cabezudo & Rivera (a shrub growing in the 
Iberian Peninsula next to acidic mine waters contaminated 
with sulfate and metals); and from Rubus idaeus L. (red 
raspberry). The choice of plants for this work considered 
criteria such as being available in the region, being reported 
as metal accumulators and/or being plants (or parts of them) 
considered industrial or agricultural waste. C. ladanifer has 
developed several tolerance mechanisms that allow its adapt-
ability to contaminated environments. The immobilization 
of metallic elements in roots and accumulation in senescent 
leaves are examples of these adaptability mechanisms and 
make this plant a promising species for phyto-stabilization 
of mining areas (Abreu et al. 2011; Santos et al. 2012, 2014, 
2016). E. andevalensis is an endemic species of the Iberian 
pyrite Belt (IPB) (Cabezudo and Rivera 1980) that grows 
under extreme conditions of pH values between 3 and 4 and 
high metal contents, being able to accumulate Mn (Rossini-
Oliva et al. 2018). It colonizes mine tailings and the bank 
sediments of water bodies contaminated with acid mine 
drainage (AMD), such as the Tinto and Odiel rivers in Spain 
and the channels and dams at the São Domingos mine in 
Portugal (Abreu et al. 2008; Monaci et al. 2011). R. idaeus 
is an agricultural crop widely cultivated in Asia, Europe and 
North America for its fruits, being its leaves a residue highly 
rich in phenolic compounds (Pantelidis et al. 2007; Wang 
et al. 2019).

Young and mature leaves were collected and immediately 
dried to remove the moisture in an INCU-Line oven (VWR 
international) at 45 °C until their weights stabilized. The 
dried leaves were then grinded into powder using an electric 
coffee grinder and the powder was mixed at a 10% (w/v) 
ratio with 70% (v/v) ethanol. Afterward, the mixture was 
sonicated using an ultrasonic bath FB15054 (Fisher Sci-
entific, USA) for 1 h and homogenized by orbital shaking 
at 150 rpm for 16 h. Finally, the mixture was centrifuged 
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at 2800 g for 5 min at room temperature and the superna-
tant was filtered using 310–150 mm qualitative filter paper 
(VWR international) in a vacuum system.

Unimetallic solutions

Five 100 mg/L unimetallic solutions was prepared by dilut-
ing in 0.02 M HCl the following metal standard solutions 
of 1000 mg/L to a 1/10 (v/v) ratio: Pd(NO3)2 in 0.5 M 
 HNO3, Ce(NO3)3 in 5%  HNO3, Al(NO3)3 in 0.5 M  HNO3 
and Fe(NO3)3 in 0.5 M  HNO3 (from Merck Certipur, Ger-
many), and  PtCl2 in 5% HCl from (Sigma-Aldrich standard 
for AAS, EUA).

Leachates from spent Automobile Catalytic 
Converters (SACCs)

Leachates from two different spent SACCs were used: 
(1) a SACC from a Seat Ibiza 1995 with 23 years of use, 
henceforth I95 and (2) a SACC from a Honda Civic 1998, 
with 20 years of use, henceforth H98. The leachates were 
provided by Professor Ana Paula Paiva from Faculdade de 
Ciências—Universidade de Lisboa (FCUL) and were pre-
pared according to a process selected after several leaching 
experiments reported by Paiva et al. (2022). Both I95 and 
H98 metallic components were removed with a metal saw to 
extract the ceramic honeycombs loaded with the target cata-
lytic metals. Then, the honeycombs were grind using a K, 
MF 10 Basic IKA Werke cutting mill at a speed of 3000 rpm 
with a 2.0 mm discharged grid. Afterward, leaching was 
carried out using the following conditions: [HCl] = 11.6 M, 
oxidizer  H2O2 = 1% (w/v), liquid/solid = 2 L/kg, tempera-
ture = 60 °C, time = 3 h and stirring = 250 rpm. The HCl con-
centration of 11.6 M is due to the use of concentrated acid 
(37 wt% or 12 M), which is slightly diluted by the addition 
of 1% (w/v) oxidizer  H2O2. Both leaching solutions were 
then diluted 1/6 (v/v) in demineralized water, reaching ~ 2 M 
HCl, to avoid the fast digestion of bio-compounds in the tests 
using plant extracts.

Analytical procedures

To measure the pH, a pH Meter GLP 21 (Crison, Spain) with 
a glass electrode (VWR, pH electrode SJ223) was used. For 
metal analysis on the mixtures of metal-bearing solutions 
with plant extracts, 2 mL samples was centrifuged at 2800 g 
for 5 min at room temperature (Hettich, ROTOFIX 32A) and 
1 mL of the supernatant was diluted in 4 mL of 5%  HNO3. 
However, this dilution led to the formation of precipitates. 
Thus, samples were then digested through the addition of 
2.5 ml of 65%  HNO3 (PanReac AppliChem, Germany, ana-
lytical grade) and 2.5 mL of 30% hydrogen peroxide (VWR 
Chemical, analytical grade) and heating at 70 °C during 1 h. 

Sample dilutions were prepared in 5% nitric acid. After-
ward, a microwave plasma–atomic emission spectroscopy 
(MP-AES 4200, Agilent Technologies, USA) was used to 
determine the metals concentrations using standard calibra-
tion curves. Calibration curves were prepared from the fol-
lowing standard solutions in 5% nitric acid: Pd(NO3)2 in 
0.5 M  HNO3, Ce(NO3)3 in 5%  HNO3, Al(NO3)3 in 0.5 M 
 HNO3 and Fe(NO3)3 in 0.5 M  HNO3,  Nd2O3 in 2–3%  HNO3, 
 La2O3 in 2%  HNO3 (from Merck Certipur, Germany),  PtCl2 
in 5% HCl (from Sigma-Aldrich standard for AAS, EUA), 
Rh in 10% HCl (from Acros organics, USA) in a dilution 
series of 0, 1, 5, 10, 20, 30, 40 and 50 mg/L for all elements. 
The correlation coefficients  R2 of all calibration curves were 
above 0.99.

The bio-reduction of  Pd2+ ions and particle formation 
was studied by UV–visible spectral analysis using wave-
lengths between 300 to 700 nm with 1 nm intervals in a 
BioTek Synergy 4 microplate reader (BioTek Instruments 
Inc., USA). The optical absorption spectra of the  Pd2+ solu-
tion (100 mg/L) (Gaikwad and Rothenberg 2006), of a 5% 
(v/v) dilution of R. idaeus extract in 0.02 M HCl and of a 
5% (v/v) dilution of R. idaeus extract in 100 mg/L of  Pd2+ 
solution (1 h after reaction) (Sheny et al. 2012; Siddiqi and 
Husen 2016) were investigated.

Fourier transform infrared spectroscopy (FTIR) meas-
urements of a  Pd2+ solution, the R. idaeus extract and the 
mixture of  Pd2+ solution and R. idaeus extract (Siddiqi and 
Husen 2016) were taken using a Nicolet iN10MX micro-
FTIR (Thermo Scientific, USA) equipped with a MCT 
detector cooled with liquid nitrogen. Analyses were con-
ducted in reflection mode, by spreading a drop of the sample 
onto a reflectance holder. Spectra were collected in the infra-
red region (from 4000 to 675  cm−1). Three measurements 
were taken for each sample to assure the robustness of the 
analysis.

The particles obtained from applying the R. idaeus 
extract to the H98 leachate were centrifuged and washed 
with 96% (v/v) ethanol for 1 h under orbital shaking and 
then centrifuged (2800 g for 60 min at room temperature) 
for liquid removal and finally dried under vacuum. (Two 
washing cycles were performed.) Subsequently, scanning 
electron microscopy–energy-dispersive X-ray spectroscopy 
(SEM–EDX) analysis were carried out using a 324 S3700N 
SEM system (Hitachi, Japan) coupled to a XFlash 5010 SDD 
EDS Detector (Bruker, Germany). The samples were ana-
lyzed at low vacuum (40 Pa) with an accelerating voltage 
of 5 and 20 kV. Then, the particles obtained from the prior 
washing step with 96% ethanol were further washed for two 
cycles with pure acetone to remove excess of organic com-
pounds as follows: mixed during 1 h under orbital shaking 
and then centrifuged (2800 g for 60 min at room tempera-
ture) for liquid removal and dried under vacuum. Thereaf-
ter, Scanning Transmission Electron Microscope (STEM) 
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imaging was carried out on a Titan ChemiSTEM (Thermo 
Fisher Scientific, Waltham, USA) microscope operating with 
a field emission gun and aberration corrector on the probe 
and four energy-dispersive X-ray spectroscopy (EDX) detec-
tors operating at 200 kV. Before the STEM analysis, parti-
cles were resuspended in ethanol and sonicated for 30 min 
to pulverize the samples. Then, 5 μl of each sample were 
dispersed on copper coated grids, and the grids were dried 
and stored in a desiccator until imaging.

Results and discussion

Metals removal from unimetallic solutions

The experiments with the unimetallic solutions revealed 
similar metal removal trends with the three plant extracts 
(Fig. 1). Highest removals, significantly different from the 
controls, were achieved for  Pd2+, varying from 48 to 81%. At 
a lower extent,  Pt2+ and  Fe3+ were also significantly removed 
in the three experiments:  Pt2+ removals were between 19 and 
33%, and  Fe3+ removals were between 15 and 37%. On the 
other hand, the removals of  Ce3+ and  Al3+ were, in general, 
not significantly different from those achieved in the controls 
and were just in the range from 3 to 28%.

It must be emphasized that the removals achieved in the 
unimetallic solutions of  Pt2+,  Pd2+,  Al3+ and  Ce3+ were not 
caused by alkalization, since the pH values in the mixtures 
were below the estimated pH at which these metals are 
expected to start precipitating according to simulations using 
the Medusa-Hydra software (Puigdomenech 2015) (Table 
Online Resource1). However, in the experiment with the uni-
metallic solution of  Fe3+, the pH values in the mixtures were 
above the theoretical estimates at which this ion would start 
forming solid complexes of Fe(OH)2·7Cl0.3; therefore, in this 
case, the removals could have been caused by pH changes. 
In addition, generally reaction time of 1 h and 48 h does not 
have high impact on the removal of metals from the unime-
tallic solutions (Fig. 1), indicating the fast kinetics of the 
reactions between phytochemicals and studied metal ions.

Hence, the results indicate a tendency toward a higher 
interaction of plant compounds with  Pd2+ than with the 
other tested metal ions, especially in the experiments with 
the extracts of R. idaeus and E. andevalensis (Fig. 1). This 
confirms the potential of some plant extracts for  Pd2+ sep-
aration from solutions, which was already demonstrated 
using unimetallic solutions and several plant materials, 
as for example extracts of leaves from Euphorbia granu-
late (Nasrollahzadeh and Mohammad Sajadi 2016), from 
Soybean (Glycine max) (Kumar Petla et al. 2012), from 
Origanum vulgare (Seyedi et al. 2018), from Eryngium 
caeruleum (Saleh et al. 2021), or, for instance, extracts 
of peels from Punica granatum (Şahin Ün et al. 2020), 

and from orange (Wicaksono et al. 2020). In fact, this is 
a very interesting feature with potential applications for 
the recovery of this valuable metal from wastewaters and/
or leachates of waste materials. Therefore, further experi-
ments were performed using real solutions containing 
PGMs, aiming to assess the potential of the three plant 
extracts prepared in this work for the recovery of Pd from 
complex matrices.

a

a
a

a

a
a

a

b

a b
b b

c
a

cb
b

c
a

b

0

20

40

60

80

100

Fe Pt Pd Al Ce

%lavo
meR

C. ladanifer extract / unimetalic solu�ons in HCl

Test 1h Test 48h Control 1h Control 48h

a

a

a

a a

a

b

b

a ab b

c
a

bb
b

c
a

c

0

20

40

60

80

100

Fe Pt Pd Al Ce

%lavo
meR

E. andevalensis extract / unimetalic solu�ons in HCl

Test 1h Test 48h Control 1h Control 48h

a a

a

a a
b a

a

a
b

c

b
b

b cc

b
c

b

b

0

20

40

60

80

100

Fe Pt Pd Al Ce

%lavo
meR

R. idaeus extract / unimetalic solu�ons in HCl

Test 1h Test 48h Control 1h Control 48h

Fig. 1  Metal removals achieved after 1  h and 48  h of mixing C. 
ladanifer, E. andevalensis and R. idaeus 70% ethanolic extracts at a 
1/1 (v/v) ratio to the unimetallic solutions (~ 100 mg/L) at room tem-
perature (25 ± 3 °C). Results for controls, consisting of the addition of 
just 70% ethanol (without plant extract), are included. Removals with 
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Tukey Kramer's tests)
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PGM recovery from SACC leachates

SACC leachates characterization

The metal-bearing leachates from spent SACCs (I95 and 
H98) were diluted in a 1/6 ratio (v/v) in demineralized water 
before being used in the experiments with plant extracts and 
were analyzed in terms of the main metals, pH and chloride 
anion  (Cl−) associated to the acidic matrices (Table 1). The 
leaching step provided satisfactory results for the PGMs 
usually present in these devices: Pt and Rh were leached 
from I95, while Pt and Pd were leached from H98. How-
ever, as expected, other metals which can be considered 
as contaminants in the recovery process were also leached 
(Table 1). Although the focus of this paper is not to study 
the efficiency of the leaching process, it is important to have 
realistic leaching liquors for target metal recovery studies.

Metals removal from SACCs leachates

In the experiments using the SACC leachates the pH values 
in the tests and in the controls were all below the values 
at which precipitation of the tested metals starts to occur, 
according to the theoretical simulations (Table Online 
Resource2). This suggests that none of the observed remov-
als were caused by pH changes. In fact, the results were 
encouraging regarding the use of plant extracts for the recov-
ery of metals from the ACCs leachates. The removals of the 
tested PGMs were significantly higher in the tests with plant 
extracts than in the controls and were in general higher than 
the removals of contaminant metals (Figs. 2 and 3). This 
relative specificity for the target metals was particularly evi-
dent in the experiments with E. andevalensis and R. idaeus 
extracts added to the H98 leachate, in which precipitations 
of 60% to 90% of the initial  Pd2+ (~ 200 mg/L) and 60% to 

75% of the initial  Pt2+ (~ 45 mg/L) was achieved. Also, the 
differences observed in elements removals between the two 
studied reaction times (1 h. and 48 h.) were relatively small 
in both leachates when using each of the three plant extracts, 
as previously reported for the unimetallic solutions.

Despite the encouraging results, there was an incom-
plete separation of Pd and Pt in these experiments, which 
can possibly be explained by the increasing difficulty of 

Table 1  Characterization of 1/6 (v/v) diluted leachates from SACCs 
used for metal removal tests with plant extracts

*LOD = limit of detection (LODs: Pd = 1.11, Rh = 0.08, La = 0.03, 
Nd = 0.05)

Parameter I95 leachate (1/6) H98 leachate (1/6) Units

Pd  < LOD* 204 ± 2 mg/L
Pt 61.7 ± 0.7 45.2 ± 0.4
Rh 5.99 ± 0.04  < LOD*
Al 281 ± 3 487 ± 4
Ce 671 ± 6 751 ± 3
Fe 17.0 ± 0.1 27.8 ± 0.3
La  < LOD* 145 ± 2
Nd  < LOD* 134 ± 1
Cl− 2 2 M
pH 0.41 0.44 Sorensen scale
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Fig. 2  Removal of main metals present in the diluted (1/6 (v/v)) I95 
leachate solution, achieved after 1 h and 48 h addition of C. ladanifer, 
E. andevalensis and R. idaeus 70% ethanolic extracts at a 1/1 (v/v) 
ratio at room temperature (25 ± 3  °C). Results for controls, consist-
ing of the addition of just 70% ethanol (without plant extract), are 
included. Removals with the same letters do not significantly differ at 
0.05 level (ANOVA and Tukey Kramer's tests)
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new metal nuclei formation due to the lowering chance of 
metal atoms encounters as their concentrations decrease. 
Accordingly, the initial lower concentrations of PGMs in 
the I95 SACC leachate could be a possible explanation for 
the lower removals achieved with it. Thirumurugan et al. 
(2016) suggested operation processes at high temperatures 
and long reaction times for a complete recovery of Pd by 
plant extracts. However, since the aim of this study is to 

investigate the potential of plant extracts in PGM recovery 
in an eco-friendly and economically viable process suit-
able for industrial-scale operations, experiments at high 
temperatures were avoided.

The only metal contaminant with removal percentages 
significantly higher in the tests than in the controls was Fe. 
However, the removals were below ~ 40% and the initial 
concentration of iron was relatively low ([Fe] < 30 mg/L) 
in both diluted leachates I95 (1/6) and H98 (1/6), compar-
ing with other contaminants (Table 1). Moreover, some 
removal of Ce was observed in the experiments, both in 
the tests and in the controls, and although the removal 
percentages were low (< 18%), they may correspond to 
high amounts of this metal due to its high initial concen-
trations (~ 671 and ~ 751 mg/l in diluted (1/6) leachates 
of I95 and H98). Despite this possible contamination of 
the PGM recovered by this strategy, they could still be 
useful, depending on their applications. It is reported that 
the combination of oxide and metal nanocomposites into 
a hybrid composite gives rise to new collective properties, 
which are different to the properties of each individual 
component (Tan et al. 2014). For instance, Wang et al. 
reported that the addition of  CeO2 to Pd nanoparticles 
improves the catalytic activity (Wang et al. 2009). More-
over, Rajesh et al. (2019) and Tan et al. (2014) reported 
that the  CeO2 content highly increases the electrochemical 
reaction of Pd/CeO2 and causes very efficient mass trans-
port in ethanol and methanol oxidation reactions than Pd 
particles alone. Other examples of Pd/CeO2 nanocompos-
ites applications are: as efficient formic acid electrooxi-
dation catalyst (Feng et al. 2012) and high-performance 
catalytic electrodes for fuel cell applications (Kannan et al. 
2015).

E. andevalensis only exists in nature in small areas near 
lagoons contaminated with acid mine water in the Ibe-
rian Peninsula, so it is not interesting as a raw material 
for hydrometallurgical processes. Despite this, it may be 
interesting to study the interactions of target metals with 
compounds present in the leaves of this shrub that grows 
in such extreme environments, because it may lead to the 
discovery of biomolecules with interesting properties that 
could inspire the production of new synthetic molecules. 
Moreover, if future studies reveal more potential effective-
ness of the E. andevalensis extract for different industrial 
purposes with economical viabilities, new plantations of 
this plant as a new bio-economic enterprise can be hypoth-
esized. On the contrary, R. idaeus leaves are available in 
large quantities due to the agro-industrial production of 
red raspberry fruits. For this reason, the further study on 
the PGM recovery mechanism and on the characterization 
of the obtained precipitates was focused on the extract 
from these leaves.
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Fig. 3  Removal of main metals present in the diluted (1/6 (v/v)) H98 
leachate solution, achieved after 1 h and 48 h addition of C. ladanifer, 
E. andevalensis and R. idaeus 70% ethanolic extracts at a 1/1 (v/v) 
ratio at room temperature (25 ± 3  °C). Results for controls, consist-
ing of the addition of just 70% ethanol (without plant extract), are 
included. Removals with the same letters do not significantly differ at 
0.05 level (ANOVA and Tukey Kramer's tests)
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PGM recovery mechanism

The high percentages of precipitation achieved in the uni-
metallic solutions containing  Pd2+ and  Pt2+ by the addition 
of 70% ethanolic extracts of leaves from R. idaeus, and the 
particularly high and selective precipitations achieved for 
those metals in the HCl-based leachate from the H98 SACC 
with these extracts, might have been caused by two differ-
ent phenomena: the reduction of the soluble ions of these 
metals into their metallic/elemental state and aggregation in 
nanoparticles, caused by the known high reducing properties 
of plant extracts, and/or the specific binding of these ions to 
some plant compounds resulting in their precipitation.  Pd2+ 
and  Pt2+ ions have higher reduction potential compared to 
other metals, as it can be seen in metals’ reduction potential 
tables published by Bratsch (1989) and Bard et al. (1985). 
Moreover, several works revealing the ability of different 
plants hydroalcoholic extracts to reduce and form Pd nano-
particles have been published (Khodadadi et al. 2017; Seyedi 
et al. 2018; Rostami-Vartooni et al. 2019).

UV–visible spectroscopy

The UV–visible spectra analysis is a helpful tool for the 
determination of the metal precursors' reduction (Zhang 
et al. 2007; Borodko et al. 2010). In this study, reduction of 
the  Pd2+ ion was tracked by assessing the absorbance spectra 
in the optical range from 300 to 700 nm on the following 
samples: (i) a 100 mg/L  Pd2+ solution in 0.02 M HCl, (ii) the 
R. idaeus extract added in a 5% (v/v) ratio to a 0.02 M HCl 
solution and (iii) the R. idaeus extract added in a 5% (v/v) 
ratio to the 100 mg/L  Pd2+ solution in 0.02 M HCl (Fig. 4).

The initial  Pd2+-bearing solution has high absorbance at 
300 nm, which decays as the wavelength raises to ~ 350 nm, 
and then, one peak occurs at approximately 397 nm. With 
the plant extract the absorbance at 300 nm is even higher, 
probably due to the presence of plant compounds, but it also 
decays continuously as the wavelength raises and the peak at 
397 nm does not exist. In the mixture with R. idaeus extract 
added to the  Pd2+ solution, the previously observed peak at 
397 nm in the  Pd2+ solution disappears under a continuum 
absorption spectrum. Thus, this evolution of the absorption 
spectra could be due to a change of the Pd specimen and Pd 
nanoparticle formation and/or change of plant compounds 
and/or formation of complexes between Pd atoms and plant 
compounds. The peak at 397 nm has been attributed to 
the presence of  Pd2+ ions and its disappearance under an 
increased continuum absorption spectra reported as an indi-
cation of  Pd2+ ions reduction into  Pd0 nanoparticles (Kumar 
Petla et al. 2012). The continuum absorption of UV–visible 
spectra in the solution containing  Pd0 nanoparticles is due 
to the Surface Plasmon Resonance (SPR) of the  Pd0 nano-
particles (Mulvaney 1996).

Fourier transform infrared spectroscopy

FTIR analysis was performed for the detection of biomol-
ecules’ functional groups present in the R. idaeus hydroalco-
holic extract that were possibly associated to bio-reduction 
of  Pd2+ ions and stabilization of the formed  Pd0 nanoparti-
cles. Figure 5 presents the FTIR spectra of R. idaeus extract 
before and after reaction with  Pd2+ ions.

The spectra of the R. idaeus extract before the reaction 
revealed several peaks in different regions, suggesting the 
complex nature of the biomolecules present in the extract: 
the peaks appearing at 1059, 1098 and 2989  cm−1 corre-
spond to the ethanol (Silverstein and Webster 1997), which 
is the solvent of the plant extract, while the peaks observed 
at 841, 890, 1462, 1691, 1920, 2138, 2505 and 3578  cm−1 
correspond to plant compounds. After the mixture of R. 
idaeus extract with  Pd2+ solution, some peaks correspond-
ing to functional groups of plant compounds were shifted 
to a higher wave number. The curve of the R. idaeus extract 
showed a peak at 841   cm−1, corresponding to the C–Cl 
stretching in the alkyl halides, that after the reaction with 
 Pd2+ solution shifted to 848  cm−1. The peak at 890  cm−1 
changed to 891  cm−1 and is attributed to the C=C bending 
in alkenes. A weak band observed at 1462  cm−1 shifted to 
1463  cm−1, indicating the involvement of the C–H bending 
of the methylene group existing in the plant extract. Another 
peak at 1691   cm−1, related to (NH)C=O and/or C=O 

Fig. 4  UV–visible spectrum of (red) 100  mg/L  Pd2+ solution in 
0.02 M HCl, (green) R. idaeus extract added in a 5% (v/v) ratio to a 
0.02 M HCl solution (1 h after mixing) and (black) R. idaeus extract 
added in a 5% (v/v) ratio to the 100 mg/L  Pd2+ solution in 0.02 M 
HCl (1 h after mixing at room temperature (25 ± 3 °C))
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stretching vibrations groups of conjugated aldehydes and 
carboxylic acids, changed to 1694  cm−1, suggesting the par-
ticipation of some phenolic acids or organic acids (Lu and 
Hsieh 2012) mainly as ellagic acids (Oszmiański et al. 2011) 
in the bio-reduction of  Pd2+ ions. Moreover, three peaks at 
1920, 2138 and 2505  cm−1, which correspond to C–H bend-
ing of the aromatic compounds, N=C=N stretching of the 

carbodiimide group and S–H stretching in the thiol group 
respectively, were vanished after the reaction of plant extract 
with  Pd2+ solution. The C–H bending of the aromatic com-
pounds observed at 1920  cm−1 could be related to the pres-
ence of high concentrations of phenolic compounds in the R. 
idaeus extract including flavonoids, tannins and anthocya-
nins as reported by Veljković et al. (2018). Moreover, the 

Fig. 5  FTIR spectra of (above) R. idaeus hydroalcoholic extract 
diluted for analysis to a 15% (v/v) ratio in 0.02 M HCl and (below) 
R. idaeus extract added in a 50% (v/v) ratio to a 100 mg/L  Pd2+ solu-

tion in 0.02 M HCl and 1 h after mixing diluted for analysis to a 7.5% 
(v/v) ratio in 0.02 M HCl at room temperature (25 ± 3 °C)
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band observed at 2138  cm−1 is related to N=C=N stretching 
of the carbodiimide group and might be an indication of the 
amino acids or proteins (Fiehn et al. 2000) and/or antho-
cyanin (Demirbas et al. 2019; Ekrikaya et al. 2021). The 
peak observed at 2505  cm−1 of S–H stretching in the thiol 
group could be related to the cysteine-rich phytochemicals 
(Harada et al. 2002) and/or metallothioneins (Leszczyszyn 
et al. 2013), since both are known for their high metal inter-
action potential (Nobahar et al. 2021). The presence of high 
levels of cysteine in R. idaeus hydroalcoholic extract has 
been previously reported by Komisarenko et al. (2021). The 
band observed at 3578  cm−1 can be related to the –OH vibra-
tions of phenols, carboxylic acids or alcohols and/or -NH 
vibrations of proteins, peptides and amines.

The presence of high contents of polyphenols (2.6% to 
6.9% (w/w)) in the R. idaeus dried leaves, principally as 
ellagic acids, is described in the literature (Oszmiański et al. 
2011; Moreno-Medina et al. 2018). The second compound 
with high abundancy in R. idaeus leaves are known to be 
flavonoids, ranging from 0.46 to 1.05% of the dried leaves 
(w/w) (Gudej 2003). Based on a study by Oszmiański et al. 
(2011), a major fraction of the phenolic content of R. idaeus 
leaves is reported as flavonoids, comprising about 11% of the 
leaf extract powder weight. In addition, some other phenolic 
compounds such as caffeic and chlorogenic acid (Durgo 
et al. 2012), p-coumaric, ferulic, protocatechuic, gentisic, 
caffeoyltartaric, feruloyl tartaric, p-coumaroyl-glucoside 
acids, p-hydroxybenzoic, vanillic acids (Brandely 2006), 
as well as terpenoids including mono- and sesquiterpenes, 
like terpinolene and triterpenes, squalene and cycloartenol, 
are reported in R. idaeus leaves (Kylli 2010; Committee on 
Herbal Medicinal Products (HMPC) 2012).

In a study similar to the one here reported, Nasrollahza-
deh et al. (2015) used hydroalcoholic leaf extract of Hip-
pophae rhamnoides Linn with an aqueous solution of  PdCl2 
and reported the synthesis of stable  Pd0 nanoparticles, sug-
gesting that OH functional groups, carbonyl groups, stretch-
ing aromatic rings and C–OH stretching vibrations present 
in the structure of phenols and flavonoids of the plant extract 
may have had the most important role in  Pd2+ reduction 
and stabilization of the synthesized  Pd0 nanoparticles. Some 
other reports have also described different types of plant 
compounds in the groups of phenols (Behnia et al. 2019) and 
polyphenols (Ho Kim and Nakano 2005; Kim et al. 2007; 
Morisada et al. 2011; Khan et al. 2017) with high tendency 
to bind specifically to PGMs.

Moreover, there are some known interaction mechanisms 
of phenolic compounds with metals; for instance, the high 
potential of free radical scavenging through phenols’ func-
tional groups, as well as their electron or proton donation 
capacity, are substantial in their metal interaction capacities 
(Kaurinovic and Vastag 2019). Moreover, metal interaction 
properties of phenols are also explained by the presence 

of nucleophilic aromatic rings in conjunction with some 
functional groups such as carbonyl, carboxyl and hydroxyl 
groups (Kulbat 2016; Liu et al. 2018).

Characterization of the particles

Particles washed with ethanol

The precipitates resulting from the highest PGM recovery 
obtained by mixing the 70% ethanolic extract of R. idaeus 
with the H98 leachate were washed twice with 96% etha-
nol aiming the removal of organic residues. Thereafter, 
the elemental composition of the particles was examined 
using SEM–EDX mapping. This analysis revealed that apart 
from the O and C of the plant compounds, which are spread 
throughout the area, Pd appears to be alone in some particles 
and together with Cl and Na in other particles, while Ce 
seems to be always together with P and Al (Figure Online 
Resource1). These three types of particles were selected for 
point analysis to study in more detail their elemental com-
position (Figure Online Resource2). At spot 1, apart from O 
and C, the main estimated normalized atomic percentages 
were 0.22% for Pd, 6.45% for Na and 7.77% for Cl, while at 
spot 2 they were 2.27% for Pd, 1.66% for Na and 1.51% for 
Cl. Thus, the co-occurrence of Pd with Cl and Na in the two 
spots might be due to the grouping of NaCl and  Pd0 particles 
in the same aggregate and not due to the presence of a com-
pound formed by the three elements, since in spot 1 and 2, 
Cl and Na were found in approximately the same ratios, most 
possibly as NaCl, while Pd was in these two spots at differ-
ent ratios with these elements. At spot 3, the point analysis 
revealed, apart from O and C, the following main atomic 
normalized abundances: 0.73% of Ce, 1.51% Na, 1.47% Al, 
1.35% P and a minor quantity of La (0.14%), an element 
which usually occurs together with Ce that was present in the 
H98 leachate. Probably some biomolecules from the plant 
leaves have bonded to these metal ions or their metal salts, 
making stable compounds. Indeed, it is known that many 
plant compounds can form stable complexes with metal 
ions or metal complexes generating precipitates (Nobahar 
et al. 2021). For example, it has been reported that plant 
extracts can induce the formation of  CeO2 (Rajeshkumar and 
Naik 2018),  Al2O3 (Ghotekar 2019) and  La2O3 (Dabhane 
et al. 2020). However, according to Singh et al. (2020), the 
 CeO2 particle formation by plant extracts requires high tem-
peratures, and therefore, Ce particles are most probably not 
formed as  CeO2. Moreover, the co-occurrence of Ce, P and 
Al in large particles could indicate the presence of a mineral 
with the three elements or a complex structure of different 
minerals aggregated with plant compounds. The presence 
of these elements in the same particles opens the possibility 
of florencite–(La) ((La,Ce)Al3(PO4)2(OH)6) and/or floren-
cite–(Ce)  (CeAl3(PO4)2(OH)6). Yet, there are other possible 
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explanations. The observed phenomena could be complex/
chelate formation of those elements with P-rich phytochemi-
cals, which then bind forming aggregates due to molecular 
interactions, or the presence of P could also indicate that Ce 
and Al appear as interspersed metal phosphate salts.

In these particles, C and O were found as the main con-
stituents (60–70% C and 20–35% O of normalized atomic 
abundances) (Figure Online Resource2), indicating the pres-
ence of high contents of organic material in the particles. 
This could be explained by (i) the reactivity of some plant 
compounds with Pd ions, reducing them into  Pd0 nanopar-
ticles and finally binding to the particles and acting as sta-
bilizing agents (Ghosh et al. 2021), (ii) interaction of plant 
compounds with the other metal ions present in the leachate 
and (iii) insolubility of a part of the plant compounds in the 
acidic conditions of the leachate. However, the existence 
of plant material as main constituent of the particles may 
be unfavorable for future applications. Therefore, after the 
washing steps with 96% ethanol the particles were subjected 
to further two cycles of washing with pure acetone followed 
by centrifugation.

Particles washed with ethanol and acetone

The STEM-EDX mapping of the final particles (Fig. 6) 
showed strong Pd signals coincident with the particles’ 
positions, while the signals of the remaining elements 
detected (Cl, Na, Pt, Ce, P, Al and Fe) were weak and spread 
throughout all the area. This shows that the washing steps 
with acetone efficiently solubilized a major part of the plant 
compounds, which led to the solubilization of contaminant 
particles, thus leaving the  Pd0 particles better purified.

The relative abundances of elemental composition deter-
mined by STEM-EDS spectra from the whole area of one 
image (Figure Online Resource3) confirmed the particle 
purity (Table 2). Approximately 30% of the normalized 
atomic abundances corresponds to Pd, while the other met-
als have normalized atomic abundances between 0.3% and 
3.4. In addition, ~ 40% corresponds to O and ~ 15% to Cl, 
which may be from phytochemicals of the plant extract and/
or the acidic matrix of the leachate. Si concentration was 
not analyzed during the leaching experiments (Paiva et al. 
2022). However, the detection of this metal in the final pre-
cipitate indicates its leaching from the SACCs monoliths as 
suggested by Abo Atia et al. (2021) and subsequent precipi-
tation by phytochemicals.

The STEM images revealed particles with sizes below 
20 nm, thus confirming the recovery of Pd as nanoparti-
cles. The synthesized Pd nanoparticles were then analyzed 
with high-resolution scanning transmission microscopy 
(HRSTEM) for further characterization on the atomic scale. 
HRSTEM analysis of the particles showed very tiny Pd 
nanoparticles well dispersed with no aggregate formation. 

HRSTEM images revealed that the morphology of the 
nano-sized particles is generally quasi-spherical (Fig. 7A, 
B and D). Sizes of a total of 265 particles were automati-
cally measured in HRSTEM images by ParticleSizer version 
1.0.9 plug-in (Wagner and Eglinger 2021) on the Fiji-ImageJ 
software (Schindelin et al. 2012), revealing particles varying 
from 2.5 to 17 nm, with a Feret size average of 6 ± 2 nm, and 
fitting a normal distribution (for a 1% probability (α = 0.01) 
in a Kolmogorov–Smirnov test) (Fig. 7C). The presence of 
well stabilized and dispersed tiny nanoparticles could be due 
to the effectiveness of phytochemicals present in R. idaeus 
extract to act as capping and stabilizing agents. Finally, 
some HRSTEM images showed well defined adjacent lattice 
fringes on the particles (Fig. 7D) and the fast Fourier trans-
form (FFT) pattern of a selected particle revealed diffraction 
spots indicating an interplanar lattice distance of ~ 0.22 nm 
(Fig. 7E), which is characteristic of (111) planes (Cheong 
et al. 2010; Sarıbıyık et al. 2020). In addition, the selected 
area electron diffraction (SAED) pattern of the same particle 
(Fig. 7F) confirmed the crystalline nature of the nanoparti-
cles. Thus, this work confirms the potential application of 
R. idaeus extracts for valuable metal nanoparticle synthesis 
with high stability, as previously reported by Singh et al. 
(2020) for silver and by Demirbas et al. (2019).

Economic and environmental perspectives

Concerning the economic and environmental aspects, it is 
crucial to understand the balance between material, energy 
flow and waste generation (Kliestik et al. 2020; Maroušek 
and Trakal 2022). Hydrometallurgical processes using 
HCl–H2O2-based leaching solvents at moderate acidity 
(~ 3 M to 6 M HCl and 1% to 10%  H2O2) and with high 
PGM recovery rates, are considered Mild and Green systems 
economically favorable since no hazardous gas or by-prod-
ucts are generated and low-temperature reactions are used 
(Karim and Ting 2021; Yakoumis et al. 2021). For example 
Hereaus, Germany, which is one of the PGM refining cor-
porations from SACCs in the Europe, employs hydromet-
allurgical processes including HCl–H2O2 leaching process 
(Jha et al. 2013; Padamata et al. 2020). The leachates used 
in this work (HCl = 11.6 M,  H2O2 = 1% (w/v)) were obtained 
in harsh medium. Nevertheless, they were diluted in water at 
a ratio of 1:6 to achieve milder conditions before the recov-
ery of metals with plant extracts. Like this, it was shown 
that plant-based extracts can be used to recover metals from 
milder leaching solutions, and it was also shown that even 
when more aggressive solutions are used in the leaching 
step, plant-based extracts can be used to recover metals if a 
previous dilution is performed to lower the acidity.

Regarding the PGM separation from the leaching solu-
tion, different methods that are described in the literature can 
be employed, such as reduction, chemical precipitation and 
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solvent extraction (Saguru et al. 2018). Some of these meth-
ods are described for their high recovery efficiency, however, 
there is always space for improvements in economic and 
environmental aspects (Karim and Ting 2021). For exam-
ple, PGM solvent extraction results obtained with model 
solutions are usually more promising than the application 

of the solvents to real leaches, and PGM solvent extrac-
tion reports with real SACCs leachates are generally still 
missing in recent literature (Paiva et al. 2022). Moreover, 
solvent extraction makes use of organic extractants (e.g., 
Aliquat 336 and Cyanex 301) and solvents to dilute them 
(e.g., kerosene) which have a cost, and after a certain time 

Fig. 6  STEM image of Pd nanoparticles obtained by adding 70% 
ethanolic extract of R. idaeus to the H98 leachate and corresponding 
EDX elemental mapping of Pd, Cl, Na, Pt, Ce, P, Fe and Al. Precipi-
tates washed twice with ethanol, then two times with acetone and dry 

before analysis. Strong signal for Pd matching the particles; strong 
signal from Cl scattered in all the area with precipitates; and rela-
tively weak signals for other elements in the spaces between particles
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of use require waste management (Yakoumis et al. 2021). 
Both leachates used in this work, I95 and H98 leachates, 
have already been used for solvent extraction experiments by 
several commercial extractants and the results showed that 
the most promising were Cyanex® 471X and Cyphos® IL 
101, with extraction efficiencies over 99%. However, in both 
cases there was a high (> 99%) co-extraction of iron, which 
could not be totally removed from the extractant before Pd 
stripping, and the final stripping efficiencies of Pd were low 
(< 50%) (Paiva et al. 2022). The method proposed in this 
study uses an ethanolic extract of R. idaeus leaves, which 
are agricultural wastes, for the direct separation of Pd from 
the leaching solution as nanoparticles. Thus, it eliminates 
the need to purchase chemicals for direct precipitation and/
or extractants and their solvents for a previous separation 
step. Table 3, summarizes the approximate operational costs 
of the proposed method regarding the PGM leaching and 
recovery from SACCs.

In order to evaluate the financial viability of process 
it is necessary to predict the process costs per weight of 

Table 2  Normalized weight and atomic abundances of different ele-
ments present in the final precipitate determined from quantitative 
spectra analysis by STEM-EDX on the whole area of Figure Online 
Resource3

Element [norm. wt.%] [norm. at.%]

O 13.0 40.3
Pd 64.9 30.3
Ce 1.5 0.5
Pt 1.1 0.3
Fe 1.3 1.2
Al 0.9 1.6
Na 1.6 3.4
Cl 10.6 14.8
P 1.4 2.2
Si 1.4 2.4
Ca 2.5 3.0
Sum 100 100

Fig. 7  A, B TEM images of the Pd nanoparticles obtained by adding 
70% ethanolic extract of R. idaeus to the H98 leachate C histogram 
representing the size distribution of Pd nanoparticles, D magnified 
high-resolution TEM with lattice fringes visible on the particles, E 
fast Fourier transform (FFT) pattern of a single nanoparticle (red 

square in figure D) and F) selected area electron diffraction (SAED) 
patterns of the same nanoparticle, with visible spectra profile rings. 
Precipitates washed twice with ethanol, then two times with acetone 
and were dried before analysis
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recovered product. The average Pd content in ACCs is con-
sidered as ~ 1580 mg per ACC and the average weight of 
honeycombs in each ACC is about 0.737 kg (Yakoumis 
et  al. 2018). The leaching step proposed in this study 
allows a recovery efficiency of ~ 99% (Paiva et al. 2022); 
thus, ~ 2.14 g of Pd can be leached per Kg of ACC combs. 
Afterward, ~ 1.93 of Pd nanoparticles can be recovered from 
that leachate using an extract of R. idaeus leaves, accord-
ing to the ~ 90% separation efficiency achieved in our work. 
Therefore, the estimated operation cost (Table 3) expressed 
per weight of recovered product is 20.36 € (or 19.87 $ on 23 
Sept. 2022) / g of Pd particles. It must be said that this cost 
estimate is based on non-negotiated prices and relatively 
small quantities. It is likely possible to lower costs with more 
thorough market research and negotiations for bulk orders. 
Plus, to reduce the costs, most probably the leaves obtained 
for free as a waste can be air-dried without heat before grind-
ing for extract preparation.

In this method, not only Pd is separated from the solution, 
but Pd nanoparticles are produced, which rises the financial 
viability of the process. For example currently, the price of 
metallic Pd in the stock market is about 2000 $ per ounce 
(~ 65 $ per gram) (GoldPriceOZ 2022), while the price 
per gram of highly pure (> 99.5%) Pd nanoparticles with 
sizes < 1 μm is 191 $ (Sigma-Aldrich 2022a) and < 25 nm is 
1942 $ (Sigma-Aldrich 2022b). Even though the produced 
Pd nanoparticles in this study have much less purity, ~ 75% 
excluding oxygen (Table 2), they have still various applica-
tion potentials due to their very small size (2.5–17 nm) and 
large surface area. Therefore, the price of the synthesized 
nanoparticles can be significantly higher than metallic Pd, 

enhancing the financial viability of the process. Indeed, 
there are a wide range of applications known for Pd nano-
particles that may require different levels of purity, as for 
example: photocatalytic activity of phenol red dye (Kora 
and Rastogi 2018), removal of pathogenic microbes from 
wastewaters (Mishra et al. 2019), catalytic reduction of 
4-nitrophenol (Tuo et al. 2017), decomposition of methyl 
orange (Ahmed et al. 2018) to bio-sensing, fuel cells and 
other fields (Mubeen et al. 2007; Wang et al. 2012; Azharud-
din et al. 2019).

Finally, it can be said that to enhance the financial feasi-
bility of the process there is still room to optimize the par-
ticle washing steps and reach purities greater than 99.5%, 
as well as to recover other PGMs (Pt and Rh) or even other 
metals with market value (Ce, La, Nd) that may be preset in 
the leachate by a previous or subsequent application of other 
methods such as molecular recognition technology (Zheng 
et al. 2021) or ion exchange and chelating resins (Lee et al. 
2020).

Conclusions

The current study reinforces the idea that plant extracts 
include a variety of compounds with different metal binding 
potentials and that their interactions through different mech-
anisms results in metal precipitation. It was found that 70% 
ethanolic extracts from leaves of R. idaeus can induce high 
precipitation of  Pd2+ and  Pt2+ ions from aqueous solutions, 
thus suggesting potential use of polar extracts for the recov-
ery of these metals from different metal-bearing waters. 

Table 3  Approximate operational costs for PGM recovery from ACCs as Pd nanoparticles (except manpower)

Reagents and operations Demand / Kg 
ACC honey-
comb

Processing cost / Kg 
ACC honeycomb (€)

Source

Leaching step
 Honeycombs grinding (electricity) 0.2 KW 0.05 (according to Power input needed on the used 

grinder—MF 10 basic Microfine grinder from 
IKA)

 11.6 M HCl (37%) 2 L 7.44 (ReAgent 2022a)
 30%  H2O2 0.07 L 0.3 (ReAgent 2022b)
 60 ̊C temperature for 3 h. (electricity) 2.4 KW 0.53 (according to Power input needed on the heater MR 

Hei-Tec from Heidolph)
Extract preparation and precipitate washing
 R. idaeus leaves 1.2 kg Free (agricultural waste) –
 Leaves grinding (electricity) 0.28 KW 0.06 (according to Power input needed on the coffee 

grinder)
 70% ethanol for plant extract 12 L 21 (LabAlley 2022a)
 96% ethanol for Pd particle washing 0.86 L 2.23
 Acetone for Pd particle washing 0.86 L 7.7 (LabAlley 2022b)

Sum 39.31
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More specifically, it was demonstrated that the addition 
of such extracts from R. idaeus leaves to SACC leachates 
allows to recover ~ 90% of Pd by inducing the production of 
a precipitate containing agglomerates of particles (of sizes 
up to 10 µm) having Pd and other elements such as Na, Cl, 
Ce, P and Al, along with plant material, which after washing 
with acetone results in a more purified (~ 75%) precipitate 
with  Pd0 nanoparticles (6 ± 2 nm) and traces of those other 
elements present in the spaces between particles.

The method has a rough cost estimate of ~ 20 $ per gram 
of Pd particles (excluding manpower). However, this esti-
mate was calculated with laboratory-scale operations and 
most probably can be improved in a large-scale process.

R. idaeus is an agricultural crop widely cultivated in 
Europe, Asia and North America for its fruits, and its leaves 
are the main waste of the fruits’ harvesting and therefore 
are available in large quantities. The method developed in 
this study using ethanolic extracts of these wastes could be 
applied for  Pd0 nanoparticle synthesis from both unimetallic 
 Pd2+ solutions or multimetallic leachates. In the first case, 
such green synthesis would produce pure  Pd0 nanoparticles 
without other metals as contaminants. In the second case, 
the produced  Pd0 nanoparticles would have a certain level of 
contamination with other metals, depending on the composi-
tion of the used leachate.

Regarding the Pd recovery mechanism, after taking all 
the studies of this work into account, it can be suggested 
that the involved mechanism in Pd recovery from the solu-
tion as nanoparticles was neither adsorption or precipitation, 
since in both cases, Pd nanoparticle formation is not possible 
and all Pd recovered from the solution with phytochemicals 
would have been washed out along with phytochemicals 
from the precipitates during washing steps with ethanol and 
acetone. Thus, the most probable mechanism involved in Pd 
recovery is reduction, since results in the UV–visible spec-
troscopy revealed signs of  Pd2+ reduction and Pd nanopar-
ticle formation. Moreover, FTIR analysis revealed changes 
after mixing the  Pd2+ solution with plant extract in different 
functional groups (such as OH group) that are mainly related 
to phenols and polyphenols and flavonoids, which are known 
as compounds with high capacity to reduce PGMs.

For the improvement of the technology aiming a highly 
sustainable circular economy more investigations are 
required, including: improvement of phytochemical extrac-
tion by more available and cheaper extractants, mainly as 
water; combining other recycling methods to recover Pt and 
Rh.; optimizing the reaction conditions to achieve higher 
recovery efficiencies; optimization of the metallic particle 
washing steps to minimize the amount of solvents used and 
to improve the particle purity, thus drastically raising the 
market value of the particles; identification of the main 
bioactive compounds interacting with Pd followed by their 
purification from the extract; and applying the proposed 

process to other ACC leaching solutions such as those from 
bio-leaching.
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