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Abstract
This work investigates the potential of 70% ethanolic leaf extracts of Rubus idaeus L., Cistus ladanifer L. and Erica ande-
valensis in the metal separation from synthetic unimetallic solutions of different metals and a leachate obtained from the 
leaching of PCBs. Results from the experiments with unimetallic solutions revealed R. idaeus and E. andevalensis extracts 
induced separation of more than 95% of the initial Au(III), while C. ladanifer separated ~78% of this metal. Thereafter, 
application of three plant extracts to real Au bearing leachate obtained from PCBs leaching, revealed about 96, 95 and 90% 
Au recovery with R. idaeus, C. ladanifer and E. andevalensis extracts, respectively with 15–60% co-removal of Pb and less 
than 15% of other metals. The reduction of Au(III) ions into Au(0) nanoparticles by R. idaeus extract was confirmed by 
molecular UV–Visible, and FT-IR analysis showed the involvement of plant secondary metabolites in Au bio-reduction and 
bio-stabilization. Particles obtained from the application of R. idaeus extract to the leachate were initially analyzed with 
XRD and results confirmed the presence of Au(0) with contamination of PbSO4, which was completely removed by washing 
with 1 M HCl. Thereafter, results from STEM-EDS analysis showed the presence of Au particles conjugated with organic 
material and other metals. Consequently, particles were subjected to another washing step with acetone. Afterwards, STEM-
EDS showed pure Au microparticle clusters (~0.8 μm) with flower-shaped or apparently cubic morphologies, and HRSTEM 
showed the tiny nanoparticles (~20 nm), which form the clusters.
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Statement of Novelty

This article describes an application of green synthesis of 
gold nanoparticles (NP), a process already widely tested 
with synthetic gold solutions and several types of plant 
extracts. However, in this work, such an approach was 
applied for the first time on a solution bearing gold and 
other (contaminant) metals obtained from the leaching of 
Printed Circuit Boards’ wastes. On the other hand, the 
plant material used to induce the production of gold NP, 
the waste leaves of raspberry production, were tested for 
the first time with this goal.

Introduction

In the last decades, due to the rapid industrialization, appli-
cation of precious metals has been emerged in various indus-
trial sectors. Nowadays, global demand for precious metals, 
such as Au, in the industry is continuously increasing and 
it is reported that more than 90% of this metal’s industrial 
utilization is in the electronic devices [1]. This high demand 

has been growing faster than the demand for base metals that 
are also used in the electronic devices industry [2, 3].

Waste electrical and electronic equipment in urban min-
ing are considered as a secondary source of metals due to 
their higher metal content than those in primary ores [4]. 
Estimations demonstrate that in 2019, electronic wastes pro-
duced by consumer products alone were about 54 million 
metric tons (Mt), which is predicted to surpass 74 Mt by 
2030 [5]. Printed Circuit Boards (PCBs) are the essential 
constituent of every electronic device. Metal recovery from 
waste PCBs has been attracted more attention since they 
normally contain 40% of wide range of metals including 
precious metals (e.g., Au, Ag, Pt, Pd), rare metals (e.g. Be, 
In), base metals (e.g. Cu, Al, Ni, Sn, Zn, Fe), and toxic heavy 
metals (e.g. Pb, Cd, Sb) [6–8].

Considering this increasing secondary source of Au in 
PCBs, the need for recycling these metals is highly impor-
tant for economic and environmental reasons. Recycling 
and sustainable management of these wastes are important 
steps toward development of mining resources sustainability 
and to mitigate the growing shortage of resources [9]. How-
ever, the recycling methods for Au from secondary sources 
is still a challenge due to the low content of Au and high 
metal complexity of these wastes [10, 11]. Exploring novel 
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methods for gold recovery from complex solutions, such as 
those derived from electronic wastes, is of utmost impor-
tance to address the growing demand for precious metals and 
reduce reliance on primary mining [2, 12, 13].

Nowadays, hydrometallurgical methods are preferred over 
pyrometallurgical methods for the metals recovery from 
PCBs as they consume less energy and are less environmen-
tally harmful. Metal recycling from these wastes through 
hydrometallurgical methods are normally performed by a 
leaching process (usually non-metal specific), followed by 
a metal recovery step from the obtained leachates. By now, 
different hydrometallurgical leaching methods are estab-
lished and are expanding rapidly as they are economically 
and environmentally viable since they have a wide range of 
reagent options, they perform well in different scales (from 
small scales to larger ones), are applicable on very low to 
high-grade metals in raw materials, and have low recycling 
cost and energy consumption [14–16]. In the pursuit of Au 
leaching from PCBs, various leaching methods including 
chemical leaching (by substances like cyanide, aqua regia, 
or thiourea), acidic leaching (utilizing acids such as sulfu-
ric acid or hydrochloric acid), electrochemical leaching and 
bacterial leaching are employed for the Au leaching and 
recovery from PCBs [8, 17, 18]. Each one of these methods 
have their own advantages and limitations [18, 19]. Aqua 
regia provides a potent and efficient leaching solution, ensur-
ing high gold recovery and rapid reaction rates from PCBs 
[20]. Its effectiveness, coupled with its relatively safer han-
dling compared to cyanide-based methods, makes it a pre-
ferred choice for efficient gold leaching from printed circuit 
boards [21].

Furthermore, various methods have been described for 
the separation and recovery of Au from leaching solutions 
such as chemical precipitation, solvent extraction, elec-
trowinning, cementation, selective adsorption and coagu-
lation [16, 22]. Application of these methods are not usu-
ally economically viable due to their insufficient recovery 
rates (especially when applied to low concentration of Au), 
intensive electricity and energy consumption, high costs of 
chemicals assisting to other environment related issues [17, 
23]. The limitations of conventional gold recovery methods, 
such as chemical precipitation and solvent extraction, have 
led researchers to explore alternative approaches, includ-
ing biological methods, which offer the potential for higher 
recovery rates and lower energy consumption [24, 25]. 
Thereby, in the recent years, potential biological methods for 
metals’ bio-recovery are gaining more attention over other 
methods [23]. In this context, beneficiation of plant-based 
compounds as a potent alternative to other methods deserves 
more investigations.

Plants synthesize numerous compounds with many 
functional abilities, including those with metal interac-
tion capabilities such as phenols, alkaloids, saponins, 

polysaccharides, proteins and organic acids [26]. These 
compounds, based on their nature, contain polar functional 
groups, such as carboxyl, phenolic, hydroxyl, sulfo and 
amino groups, that are capable to interact with metal ions 
through different mechanisms like complex/chelate forma-
tion [27–29], reduction [28, 30, 31], precipitation [28, 32]. 
These secondary metabolites with suitable metal interac-
tion characteristics can be promising substitutes of other 
compounds that are currently employed for Au recovery, 
since they are renewable resources, cheap and environmen-
tally friendly. They have potential application in different 
metal related industrial applications and have already been 
explored for example in Au separation and recovery, and in 
Au nanoparticle synthesis and stabilization [33–35]. Ben-
eficiation of plant extracts for gold recovery from PCB lea-
chates represents a significant step towards a greener and 
more sustainable approach to metal extraction, aligning with 
the principles of resource conservation and sustainability 
[36, 37]. In addition, its substitution with conventional 
compounds in gold recovery offers economic advantages, 
as these extracts are easily prepared, cost-effective, and sus-
tainable sources [38–40].

In the previous studies by the team, effective potential of 
plant extracts in Pd separation and recovery as Pd nanoparti-
cles from spent catalytic converter leachates were illustrated 
[41]. However, to our knowledge, the potential of any plant 
extract for the separation and recovery of Au from complex 
Au bearing solutions and leachates was not yet evaluated. 
Therefore, after tests with unimetallic solutions to confirm 
the potential application of three plant extracts (Rubus 
idaeus L., Cistus ladanifer L. and Erica andevalensis) 
applied for first time for this purpose, additional experiments 
were performed with real PCBs leaching solutions. Finally, 
the best plant extract was selected for further optimization 
and characterization of the Au recovered particles. Overall, 
this study not only expands our knowledge regarding the use 
of plant extracts for gold recovery but also underscores their 
potential as renewable resources in mitigating the challenges 
associated with traditional methods. These findings have sig-
nificant implications for the fields of resource sustainability, 
electronic waste management, and the pursuit of greener 
metallurgical practices, which lays the foundation for future 
advancements and potential industrial implementation.

Materials and Methods

Unimetallic Solutions

The unimetallic solutions were prepared by diluting 1/10 
(v/v) the following 1000 mg/L metal standard solutions in 
0.02 M HCl: HAuCl4 in 2 M HCl (Merck Certipur, Ger-
many), Fe(NO3)3 in 0.5 M HNO3, Al(NO3)3 in 0.5 M HNO3, 
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Cu(NO3)2 in 0.5 M HNO3, Zn(NO3)2 in 0.5 M HNO3 and 
Pb(NO3)2 in 0.5 M HNO3.

Au Leaching from PCBS

Mechanical Fragmentation

Initially, some electronic components (ECs), such as proces-
sor units, memory slots, power supplies, etc., were manually 
separated from the PCBs and then, the PCBs were broken 
in pieces of about 5 cm2. The approach of breaking PCBs 
into small parts, rather than grinding them, was adopted for 
several reasons. Firstly, it facilitated the handling of PCBs, 
making them more manageable for subsequent process-
ing steps. Secondly, by avoiding the grinding process, the 
study aimed to demonstrate the viability of metal recovery 
from PCBs without the need for costly and energy-intensive 
grinding procedures. While other works [22, 42–44] have 
explored the grinding of PCBs to achieve smaller particle 
sizes, this study sought to showcase an alternative approach 
that highlights the feasibility of metal extraction while mini-
mizing the associated costs and energy requirements.

Leaching Process

In this step, PCBs pieces together with the separated ECs 
(hereafter called just as PCBs) were used for Au recovery in 
two subsequent leaching steps:

Initially, a chemical pre-treatment for the separation of 
Cu, Zn, Fe, Al and Ni was accomplished using a mixture of 
2 M sulfuric acid and 0.2 M of hydrogen peroxide. Small 
increments of PCBs were added to the leaching solution 
until a final 1 to 6 ratio (w/v), in order to prevent the exces-
sive heating and extreme froth formation as a result of the 
reaction, and the leaching occurred for 3 h. Then, the aque-
ous solution was separated from large solids by decantation 
and from small solids by filtration with filter paper. In order 
to improve Cu and other metals’ separation, this step was 
repeated two more times as suggested by [45].

Subsequently, a second leaching step was performed 
overnight to leach Au, Ag and platinum group metals from 
the solids obtained in the previous step, using aqua regia in 
a 1/20 ratio (w/v) [46].

The reaction of Au leaching by aqua regia is described 
below [47]:

(1)2HNO
3
+ 6HCl → 2NO + 4H

2
O + 3Cl

2

(2)
2Au + 11HCl + 3HNO

3
→ 2HAuCl

4
+ 3NOCl + 6H

2
O

(3)Au + 4HCl + HNO
3
→ HAuCl

4
+ 2H

2
O + NO

Finally, the solution was diluted 1/3 (v/v) in distilled 
water and the obtained diluted leachate was characterized 
for the concentrations of Au, Ag, Pd, Pt, Cu, Pb, Zn, Fe, Al 
and Ni.

Separation of Pb from the Au Bearing Solution

Considering the low solubility of PbSO4 (Ksp = 6.7 × 10–7) 
[48], Pb can be recovered from the diluted aqua regia lea-
chate as PbSO4 [49]. Therefore, based on the chemical 
reaction ratio of Pb and SO4 and the concentration of Pb 
in the solution, two times of the amount of sulfate required 
to remove the Pb content from the leachate was added as 
sodium sulfate solution to the leachate in 1/1 ratio (v/v). 
Then, 72 h after sodium sulfate addition to the leachate, the 
formed white precipitates (PbSO4) were separated through 
centrifugation at 2500×g for 10 min at room temperature.

Plant Extract Preparation

Three types of plant leaves were collected for this study: 
leaves from C. ladanifer L. (crimson spot rockrose); from 
E. andevalensis Cabezudo & Rivera (a shrub growing in 
the Iberian Peninsula next to acidic mine waters contami-
nated with sulfate and metals) and from R. 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 [50–54]. E. andevalensis is an endemic spe-
cies of the Iberian pyrite Belt (IPB) [55] that grows under 
extreme conditions of pH values between 3 and 4 and high 
metal contents, being able to accumulate Mn [56]. It colo-
nizes 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 [57–59]. 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 [60, 61].

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. Afterwards, the mixture was 
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sonicated using an ultrasonic bath FB15054 (Fisher Scien-
tific, USA) for 1 h and homogenized by orbital shaking at 
150 rpm for 16 h. Finally, the mixture was centrifuged 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. Plant extracts 
were stored in the refrigerator at 4 °C and were used within 
one week. Throughout this period, extracts remained stable 
and clear, with no signs of precipitate formation or any other 
noticeable changes.

Au Recovery Using Plant Extracts

The capacity of 70% (v/v) ethanolic plant extracts for met-
als separation was tested on different metal bearing aqueous 
solutions: (1) three plant extracts were independently mixed 
and homogenized at 1/1 (v/v) with artificial unimetallic solu-
tions prepared from standards commercialized for metals 
analysis; (2) three plant extracts were independently mixed 
and homogenized at 1/1 (v/v) with the diluted (1/6) PCBs 
leachate; (3) a selected plant extract (R. idaeus) was mixed 
in 1/1, 1/5 and 1/10 (v/v) ratios with the diluted (1/6) PCBs 
leachate. Simultaneously, mixtures prepared the same way 
but using pure 70% ethanol (without plant compounds) were 
used as negative controls. Experiments were carried out in 
triplicates in 50 mL centrifuge tubes at room temperature 
(20 ± 3 °C), and after 1 and 48 h of reaction aqueous sam-
ples were collected for metal analysis after centrifugation for 
30 min at 2500×g to separate solids. Metal concentrations of 
the initial and final solutions in the mixtures were used for 
calculations of metal removal percentages. The significance 
of differences between means of different experimental treat-
ments (test 1 h, test 48 h, control 1 h and control 48 h) was 
assessed by the single factor analysis of variance (ANOVA) 
considering a significance threshold level of 5%. Then, when 
ANOVA [62] revealed significant differences among treat-
ments, post-hoc tests were carried out with Tukey Kramer's 
tests (also for 5% significance level) [63]. The particles 
recovered from the PCB leachate using selected plant extract 
and conditions were characterized by XRD.

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 metals pre-
cipitation is expected to occur according to theoretical simu-
lations on the Medusa-Hydra software [64] for increasing pH 
values (−1 to 14) in aqueous solutions using parameters that 
mimic the tested matrices.

Pb Washing From the Au Precipitates

To eliminate any Pb content and other impurities from the 
particles obtained after the addition of plant extract to the 

PCBs leachates, a washing step was tested using differ-
ent solutions: 1 M hydrochloric acid, 1 M nitric acid, 1 M 
sodium hydroxide and 1 M ammonium acetate. A ratio of 
1/1000 (w/v) of the particles to the washing solution was 
applied, the mixture shaken for 15 min by orbital shaker at 
room temperature, the supernatant separated through cen-
trifugation for 30 min at 2500×g and the pellet dried in oven 
at 40 °C overnight. Then, the concentration of Pb was ana-
lyzed on the four tested solutions to evaluate the Pb leaching 
efficiency. Finally, the washing step was repeated, but with 
deionized water to eliminate traces of the washing agent and 
then with 96% (v/v) ethanol. Finally, the particles recov-
ered from the best Pb washing solution (1 M hydrochloric 
acid) were dried and characterized by XRD and electronic 
microscopy.

Organic Materials Washing from the Au Precipitates

After confirming the removal of Pb and having a more 
detailed characterization of the particles, they were further 
washed in two steps with pure acetone and the supernatant 
separated by centrifugation, aiming to eliminate organic 
compounds and metal contaminants. The final particles were 
also characterized by electronic microscopy.

Analytical Methods

A bench centrifuge (Hettich, ROTOFIX 32A) was used 
to separate solid and liquid phases at specific conditions 
described above for each step.

For metal analysis, 1 mL of sample was diluted in 6.5 mL 
of 30% HNO3 and 2.5 mL of 30% hydrogen peroxide (in 
50 mL centrifuge tubes with loose caps) and heated in a 
water bath at 70 °C during 1 h to digest organic compounds 
(if present). The concentrations of Au, Cu, Pb, Zn and Al 
were determined by microwave plasma atomic emission 
spectrometry with a 4200 MP-AES (Agilent Technologies, 
USA).

Calibration curves were built using standards prepared 
from the following stock solutions: HAuCl4 in 2 M HCl, 
AgNO3 in 0.5 M HNO3, Cu(NO3)2 in 0.5 M HNO3, Pb(NO3)2 
in 0.5 M HNO3, Zn(NO3)2 in 0.5 M HNO3, Fe(NO3)3 in 
0.5 M HNO3, Al(NO3)3 in 0.5 M HNO3 and Ni(NO3)2 in 
0.5 M HNO3, Pd(NO3)2 in 0.5 M HNO3 and PtCl2 in 5% HCl 
from (Sigma-Aldrich standard for AAS, EUA).

The bio-reduction of Au ions and particles formation was 
monitored by molecular UV–visible spectroscopy. The opti-
cal absorption of the particles was investigated using the 
BioTek Synergy 4 microplate reader (BioTek Instruments, 
Inc., USA) using wavelengths between 200 and 700 nm at 
intervals of 1 nm.

Fourier Transform InfraRed (FTIR) Spectroscopy meas-
urements of Au solution, R. idaeus extract and the mixture 
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of Au solution and R. idaeus extract were performed using 
a Nicolet iN10MX micro-FTIR (Thermo Scientific, USA) 
equipped with a MCT detector cooled with liquid nitrogen. 
Analyzes were conducted in reflection mode, by spreading 
a drop of the sample onto a reflectance holder. Spectra were 
collected in the infrared region (from 4000 to 675 cm−1). 
Three measurements were performed for each sample to 
assure the robustness of the analysis.

The crystallographic structures of obtained particles were 
analyzed by X-ray diffraction (XRD) using a PANalytical 
XPERT-PRO powder diffractometer operating at 45 kV and 
35 mA with Cu Kα radiation filtered by Ni. The XRD pat-
terns were recorded using an X'Celerator detector with a step 
size (2θ) of 0.03° and a time per step of 250 s. Peak analysis 
and the identification of crystalline phases were based on 
comparison using High-Score Plus software with the ICDD 
PDF-2 database.

The morphology and elemental composition of particles 
was analyzed either by Transmission Electron Microscopy 
(TEM) and/or by Scanning Transmission Electron Micros-
copy (STEM) imaging, in both cases coupled with Energy 
Dispersive X-ray Spectroscopy (EDS) analysis. Before TEM 
and STEM analysis, the particles were resuspended in etha-
nol and sonicated for 30 min for sample pulverization. Then, 
5 μl of sample was dispersed on carbon coated grids of Cu 
for TEM and of molybdenum for STEM, and the grids were 
dried and stored in a desiccator until imaging. TEM was 
carried out on a H8100 microscope (Hitachi, Tokyo, Japan) 
with a LaB6 filament, coupled with an EDS NORAN Sys-
tem (Thermo Scientific, Waltham, USA). STEM was carried 
out on the Titan ChemiSTEM (Thermo Fisher Scientific, 
Waltham, United States) microscope operating with a field 
emission gun and aberration corrector on the probe and four 
energy dispersive X-ray spectroscopy (EDS) detectors oper-
ating at 200 kV.

Results and Discussion

Evaluation of Au Recovery from Unimetallic 
Solutions Using Plant Extracts

Experiments with unimetallic solutions diluted in HCl (final 
concentration ~ 100 mg/L) were performed to analyze the 
interaction potential of 70% hydroalcoholic extracts of R. 
idaeus, C. ladanifer and E. andevalensis with some of the 
metals known to be present in PCB leachates: Zn, Fe, Cu, 
Al, Pb and Au [49]. In these experiments, metal removal 
in the tests were significantly different from the negative 
controls and all the three plant extracts revealed a high Au 
removal from solution compared to the other metals (Fig. 1). 
As depicted in Fig. 1, after 48 h of reaction R. idaeus and 
E. andevalensis extracts effectively removed 99 ± 1% and 

98 ± 4% of the initial Au, respectively, while 78 ± 17% of 
the Au was removed by the C. ladanifer extract. Beside 
Au, other metals with relatively high removals from the 
unimetallic solutions were Pb (10–40%), Fe (10–40%), Al 
(5–30%), Cu (2–20%) and Zn (1–10%) (Fig. 1). In addition, 
it should be mentioned that the removals achieved in the 
unimetallic solutions of Au3+, Pb2+, Cu2+ and Al3+ were 
not caused by alkalization, since the pH values in the mix-
tures were below the estimated pH at which these metals are 
expected to start precipitating according to simulations using 
the Medusa-Hydra software [64] (Table OR1).

The interesting tendency of these plant extracts to cause 
Au separation from the tested solutions, especially in the 
tests with R. idaeus and E. andevalensis extracts, confirms 
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Fig. 1   Metal removals achieved after 1 and 48 h of mixing R. idaeus, 
C. ladanifer, E. andevalensis 70% hydroalcoholic extract, at a 1/1 
(v/v) ratio to the unimetallic solutions (~ 100 mg/L) at room temper-
ature (25 ± 3  °C). Results for controls, consisting 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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the interaction of their plants’ compounds with Au. Probably 
such interaction was favored by the high reduction potential 
of Au(III) (E ̊= 1.50 V), as reported in the reduction potential 
table of metals published by Bard et al. [65] and Milazzo 
et al. [66], and the high reduction (antioxidant) potential 
of plant compounds present in the extracts. In fact, other 
studies have previously demonstrated the potential of phy-
tochemicals present in plant extracts to induce the formation 
of Au nanoparticles in aqueous solutions, as for example: 
extracts of Sageretia thea [67], Spinacia oleracea L. [68], 
Solidago canadensis [69], Persea americana [70].

Characterization of Particles Obtained 
from the Au(III) Unimetallic Solution

The particles obtained from the reaction of Au(III) unime-
tallic solution with R. idaeus extract were selected for fur-
ther analysis due to high Au removal efficiency by this plant 
extract and also vast availability of R. idaeus leaves as an 
agricultural waste. These particles were analyzed by XRD, 
EDS and TEM for the investigation of their elemental com-
position, size and morphology. The XRD pattern recorded 
with the particles illustrated the crystalline nature of the Au 
particles with strong peaks correlated to Au (Figure OR 1). 
Moreover, the EDS spectra of the particles confirmed the 
presence of Au as the sole element present in the precipitates 
(Figure OR 2). The peak observed for Cu corresponds to 
the used Cu based grid. The TEM analysis of the particles 
showed that the Au nanoparticles were monodispersed and 
had quasi-spherical and irregular shapes with a ferret par-
ticle size ranging from 31 to 85 nm with an average size of 
57 nm. The selected-area electron diffraction (SAED) pat-
terns of the nanoparticles added further evidence that Au 
nanoparticles are highly crystalline (Figure OR 3). Demirbas 
et al. [71], in a similar study with synthetic Au(III) solutions 
but with addition of 5% (w/w) R. idaeus fruit extract (not 
leaves extract) showed formation of spherical Au nanopar-
ticles with an average size of 18 ± 3 nm.

All of these evidences encouraged the attempt to use the 
leaf extracts in a real multimetallic solution containing Au, 
namely a PCBs leachate.

Au Leaching from PCBs

After the mechanical fragmentation described in materi-
als and methods, the PCBs were initially subjected to three 
cycles of leaching with 2 M H2SO4 and 0.2 M H2O2 aim-
ing to leach the base metals and leave the Au parts more 
exposed to the leaching of this metal in the next step. This 
process provided satisfactory results by successful leaching 
mainly of the base metals (Cu, Ni, Zn and Fe) (Table 1) 
and separating the PCBs’ parts as well as realizing small 
Au films, which were visible at the bottom of the leaching 

container. Moreover, during the leaching of base metals, a 
white precipitate was formed and settled in the bottom of 
the container together with PCBs’ parts and Au particles. 
According to previous reports on PCBs leaching works this 
white precipitate is composed of PbSO4 particles, which has 
low solubility in sulfuric acid solutions [49]. Therefore, this 
indicates that Pb was also leached from the PCBs.

After the leaching steps with sulfuric acid, the electronic 
components, except the supporting bases which were now 
free of metal parts, as well as the remaining solids (includ-
ing the white precipitates which were mixed with Au par-
ticles) were treated with aqua regia in a 1/20 ratio (w/v) 
during 24 h. Thereafter, the obtained solution was diluted 
in a 1/3 ratio with deionized water to avoid the digestion of 
bio-compounds in the subsequent Au recovery tests using 
plant extracts. As presented in Table 2, the diluted leaching 
solution contains valuable metals (232 mg/L of Au, 26 mg/L 
of Ag, 11 mg/L of Pd), as well as a high concentration of Pb 
(15 g/L) and still some contamination with the base metals 

Table 1   Characterization of 
the leachate solution achieved 
by applying 2 M H2SO4 and 
0.2 M H2O2 to PCBs (mixture 
of leachates from the three 
successive cycles of leaching 
(3 h for each leaching cycle))

Metal Concentration in 
leachate (mg/L)

Au 15.4 ± 0.1
Ag not detected
Pd 0.30 ± 0.04
Pt not detected
Cu 1715 ± 7
Pb 8.5 ± 0.1
Zn 405.1 ± 3.3
Fe 143.2 ± 1.6
Al 10.0 ± 0.1
Ni 634 ± 4

Table 2   Characterization of the diluted aqua regia leachate, before 
and after Pb removal/recovery by addition of 0.15 M sodium sulfate 
solution at 1/1 (v/v) ratio

Metal Concentration (mg/L)

1/3 diluted aqua regia 
leachate

1/6 diluted aqua regia 
leachate after adding sodium 
sulfate

Au 232.2 ± 6.1 120.1 ± 1.7
Ag 26.2 ± 0.6 18.7 ± 0.2
Pd 10.8 ± 0.2 5.9 ± 0.1
Pt – –
Cu 151.3 ± 0.8 74.4 ± 0.3
Pb 15,030 ± 136 636 ± 14
Zn 4.1 ± 0.1 1.8 ± 0.1
Fe 9.1 ± 0.1 7.3 ± 0.1
Al 57.0 ± 0.2 30.2 ± 0.1
Ni 10.2 ± 0.4 5.3 ± 0.3
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Cu, Ni, Zn and Fe. Such high concentration of Pb originates 
from the PbSO4 precipitates that were formed in the initial 
leaching step and which were scattered among the small 
fractions of PCBs in the bottom of the container and then 
were leached with aqua regia. Nevertheless, it is evident 
that the major part of the base metals leached from PCBs 
was leached in the initial leaching step with 2 M H2SO4 and 
0.2 M H2O2 (~ 98% of Cu, ~ 97% of Ni, ~ 99% of Zn, 99% of 
Fe, and ~ 50% of Al), which is in agreement with previous 
reports [45].

Separation of Pb from the Au Bearing PCBs Leachate

Due to the very high Pb concentration in the aqua regia lea-
chate, it was necessary to separate and recover this metal 
from the solution prior to Au recovery processes. With that 
aim, the leaching solution was submitted to a precipitation 
step with 0.15 M Na2SO4 (in 1/1 (v/v) ratio) and ~ 96% of 
Pb was removed from the solution (Table 2). XRD analysis 
of particles obtained through this precipitation step revealed 
that Pb was recovered as PbSO4 and PbCl2 crystals (Fig-
ure OR 4), which can be considered a by-product of the Au 
recovery process here reported.

Au Recovery from the Final PCBs Leachate Using 
Plant Extracts

In the experiments performed by adding each of the three 
plant extracts to the final 1/6 diluted Au bearing leachate 
at 1/1 (v/v) ratios, the target metal Au as well as Pb, Cu 
and Al as main contaminant metals were analyzed (Table 2; 
Fig. 2). It was observed that the application of R. idaeus, C. 
ladanifer and E. andevalensis extracts is highly effective in 
recovering Au from the leachate with an efficiency of 96, 95 
and 90%, respectively. However, there was co-precipitation 
of Pb ranging between 15 and 60% of its initial concentra-
tion in all tested samples and respective controls, and since 
the concentration of this metal in the diluted (1/6) Au bear-
ing leachate was very high (~ 630 mg/L), this corresponds to 
a high contamination of the obtained Au particles. The pH 
measurements of leachate before and after mixing with plant 
extracts indicated that alkalization was not the cause of met-
als removal from the solutions, as the pH values in the mix-
tures were lower than the estimated precipitation threshold 
for metals according to simulations using the Medusa-Hydra 
software [64] (Table OR 2). However, in the case of Pb, 
the estimated precipitation pH (pH 0.37) closely matched 
the pH of the solution following the mixture with R. idaeus 
extract (pH −0.55), suggesting the potential of Pb precipita-
tion through alkalization (Table OR 2).

Based on the results obtained from experiments with 
unimetallic solutions and leachates in 1/1 ratio, R. idaeus 
was found with the highest Au recovery potential from the 

leachate. Moreover, R. idaeus leaves are available in large 
quantities as wastes from agro-industrial production of red 
raspberry fruits and therefore, further studies were focused 
on the optimization of using the R. idaeus extract to recover 
Au from the leachate, on the Au recovery mechanism and 
on the characterization of the obtained brownish particles.

In this regard, 1/5 and 1/10 (v/v) ratios of R. idaeus 
extract to Au bearing leachate were tested to analyze Au 
recovery efficiencies and Pb contamination rates (Fig. 3). 
Similar removals of Au and Pb from solution were observed 
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Fig. 2   Removal of main metals present in the diluted (1/6 (v/v)) Au 
bearing leachate, achieved after 1 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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in the tests with 1/1 and 1/5 ratios of R. idaeus to Au bear-
ing leachate for both 1 and 48 h of reaction times. In the 
experiment with the 1/10 ratio of plant extract to Au bearing 
leachate, a lower removal of Au and Pb was observed after 
1 h (~ 11% of Au and 21% Pb), but 48 h after, the removal 
of Au from the leachate reached 95%. Yet, as it can be seen 
in Fig. 3, different ratios of plant extract to leachate are not 
a successful strategy to prevent Pb contamination. With 
all this, the optimum ratio of plant extract to leachate was 
selected as 1/10 (v/v).

Pb Washing from the Au Bearing Precipitates 
from PCBs Leachate

Pb contamination was observed in the synthesized Au nano-
particles. The binding and distribution of Pb on Au nano-
particles could have been occurred by Pb ions adsorption to 
their surface by interacting with the functional groups of the 
stabilizing agents (plant compounds) present on Au particles 
[72], binding to the regions of the particles with crystalline 
defects [73, 74] or through alloy formation [75]. It worth 
mentioning that beneficiation of the developed process in 
Au recovery from Pb-free PCBs [76], can effectively solve 
the issue of Pb contamination in Au nanoparticles, which 
could result in Au nanoparticles free of Pb contamination, 
in alignment with green principles and minimizing environ-
mental risks. However, in this study, precipitates obtained 
from applying R. idaeus extract to Au bearing leachate at 
1/10 ratio were selected for purification. Attempts of PbSO4 
separation from the Au particles were performed by washing 
the precipitates in a ratio of 1/1000 (w/v) with hydrochloric 
acid, nitric acid, sodium hydroxide and ammonium acetate. 
Results from these experiments revealed that all the four 
tested solutions were able to dissolve and separate PbSO4 
from the precipitates, but three of them have a higher and 

similar efficiency (hydrochloric acid, nitric acid and sodium 
hydroxide), thus suggesting total PbSO4 leaching, while 
the other (ammonium acetate) results in a lower efficiency 
(Table 3). The XRD analysis of the brownish precipitates 
obtained after the washing step with 1 M hydrochloric 
acid and subsequent washings with water and 96% ethanol 
revealed the presence of Au as the only crystalline phase 
(Fig. 4).

The STEM imaging of these precipitates revealed well 
defined bright white (indicative of heavy elements) flower-
shaped porous particles of ~75 to ~360 nm scattered in a less 
shiny whitish (indicative of lighter elements) mass with no 
defined shape (Fig. 5). Then, the STEM-EDS mapping of 
these precipitates (Fig. 5) showed strong Au and S signals 
along with very weak signals of Cu, Si and Fe, which are 
coincident with the white bright flower-shaped particles, as 
well as O, Sn and Cl signals throughout all precipitate mass. 
The relative abundances of different elements evaluated by 
STEM-EDS from the whole area of two images of these 
precipitates (Figure OR 5) are presented in Table 4.

The flower-shaped particles revealed by STEM have the 
same appearance of Au nanoparticles obtained with different 
plant extracts and Au solutions by other authors [77], and 
the EDS signal revealed Au as the most abundant element 
(27.2 norm. at.%) after O, which are strong evidences that 
the production of Au particles using the R. idaeus extract 
was successful. Nevertheless, the high signal obtained for 
O (40.1 norm. at.%) and the fact that it maps together with 
Cl in the less shiny whitish mass indicates a high amount of 
plant material around the particles since these elements are 
present in plant compounds [78]. Moreover, the relatively 
high signal of Sn (12.7 norm. at.%) following O and Cl in 
the mass surrounding the particles indicates the possibility 
of complex formation of this metal with organic compounds. 
The other elements with relatively high signals are Cu (7.9 
norm. at.%) and S (5.6 norm. at.%), which seem to follow 
the Au particles. The presence of Cu might be due to incom-
plete removal of this metal in the leaching step performed 
to remove base metals, but these analyzes are not enough 
to theorize about its co-occurrence with Au particles. The 
presence of S must be viewed with suspicion because this 

Fig. 3   Au and Pb precipitation by applying R. idaeus extract to Au 
bearing leachate at different ratios (1/1, 1/5 and 1/10 (v/v)) at room 
temperature (25 ± 3  °C). Results are averages of two replicates and 
error bars are absolute mean deviations

Table 3   Pb washing from precipitates obtained by applying R. idaeus 
extract to Au bearing leachate

Washing solution Pb leached from precipi-
tates (mg Pb/g precipi-
tate)

1 M hydrochloric acid 137
1 M nitric acid 136
1 M sodium hydroxide 128
1 M ammonium acetate 42
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Fig. 4   XRD analysis of pre-
cipitates obtained by adding R. 
idaeus extract to Au bearing 
leachate at a 1/10 (v/v) ratio, 
after PbSO4 washing with 1 M 
hydrochloric acid. (*) denotes 
the peak position of Au crystal-
line phase according to the card 
#01-071-4073
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Fig. 5   STEM image of Pd 
nanoparticles obtained by add-
ing 70% ethanolic extract of R. 
idaeus to the Au bearing lea-
chate (washed with ethanol) and 
corresponding EDS elemental 
mapping of Au, O, Sn, Cu, S, 
Si, Fe and Cl. Pink arrows: 
flower-shaped Au particles. Yel-
low arrows: plant compounds
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element has a peak very close to peaks of Pb and Au and, 
thus, the accuracy of its signal can be low.

The HRTEM analysis of these precipitates showed large 
clusters (~ 100–400 nm) of tiny Au nanoparticles (~ 20 nm) 
covered with high contents of plant material, and then the 
FTT analysis confirmed the crystalline nature of the Au par-
ticles (Figure OR 6).

Organics Washing from the Au Bearing Precipitates 
From PCBs Leachate

Based on the STEM-EDS results indicating the contami-
nation of particles with excessive plant material and a few 
metals putatively complexed with it, another two washing 
steps with acetone were performed for the elimination of 
organic compounds. Thereafter, the obtained particles were 
also analyzed by STEM microscopy and the images revealed 
two types of particles: flower-shaped particles like those 

Table 4   Average values of normalized weight and atomic abundances 
of different elements obtained from two STEM-EDS images of Au 
particles washed with ethanol

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

O 8.1 40.1
Al 0.1 0.4
S 2.1 5.6
Fe 0.8 1.3
Cu 5.8 7.9
Pb 2.0 0.8
Au 62.0 27.2
Zn 0.5 0.7
Ni 0.3 0.5
Sn 17.2 12.7
Si 0.6 1.7
Cl 0.5 1.1
Sum 100.0 100.0

Fig. 6   STEM image of Pd 
nanoparticles obtained by 
adding 70% ethanolic extract 
of R. idaeus to the Au bearing 
leachate (washed with pure 
acetone) and corresponding 
EDS elemental mapping of 
Au, Cu, S, O, Pb and Zn. Pink 
arrows: flower-shaped Au par-
ticles. Yellow arrows: compact 
geometrical particles resem-
bling cubic shapes
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observed prior to acetone washing side by side with com-
pact geometrical particles resembling cubic shapes (Fig. 6), 
without evidence of other materials surrounding them. These 
results show that acetone eliminated the organic material 
around the Au particles and suggest that organic compounds 
play an important role in the final shape of the Au parti-
cles. Synthesis of compact geometrical Au nanoparticles by 
mixing plant extract with an Au pure solution was reported 
before for example by Anbu et al. [79], and though these 
authors described other shapes (such as spherical, triangu-
lar and octahedral), the cubic forms are also visible in their 
TEM images.

Results of the STEM-EDS analysis revealed strong sig-
nals correlating with Au and S and relatively weaker signals 
for O and the contaminant metals Pb, Cu and Zn. On the 
contrary, the signals of Sn and Cl, which before acetone 
washing were detected in all the precipitate mass together 
with O, were much weaker now after organics removal 
(Fig. 6). In fact, all signals detected now are present on the 
Au particles, confirming the efficacy of acetone washing.

The relative abundances of elemental composition of the 
particles determined by STEM-EDS from the whole area of 
four different images (Figure OR 7) are presented in Table 5. 
These results showed a much higher abundance for Au (63.5 
norm. at.%), comparing to the value observed (27.2 norm. 
at.%) before acetone washings. This is mainly due to the 
sharp decrease of elements O and Sn since the reported 
abundances are relative to the sum of detected elements. 
Normalized atomic abundance of O was reduced from 40.1 
to 3.7%, and of Sn from 12.7 to 0.1%. This almost disap-
pearance of Sn after successful organic residues washing 
and the simultaneous decrease in O abundances, confirms 
that Sn was previously complexed with plant material that 
was removed with acetone. The sharped removal of O and 
Sn also caused a raise in the relative abundance of other 

elements that were not washed with acetone. Cu and S, the 
main contaminants after Sn, were found in almost the same 
ratio, but in relatively higher abundances (14.8 norm. at.% 
and 13.5 norm. at.%, respectively). The ratio of these ele-
ments is in fact close to 1, the stoichiometric value of CuS, 
which might indicate the presence of this compound in the 
free spaces in between smaller Au nanoparticles forming 
larger structures of Au nanoparticle clusters. Regarding the 
other minor contaminants, there was a decrease of Al and Si 
abundances after the acetone washing, and a raise of Pb and 
Ni. Thus, the first two were probably complexed with phyto-
chemicals while the last two were somehow bound to the Au 
particles. Probably Pb and Ni were, as PbSO4 and as NiO, 
also placed in the porous structures of the flower-shaped 
larger Au nanoparticle clusters when they were formed by 
aggregation of tiny Au nanoparticles, and then remained 
trapped in those particles during the washing steps to which 
they were subjected. Taking into account the good results for 
lead removal with the washing solutions tested (Table 3) in 
the particles after precipitation, the following suggestions 
can be made, for example, to try to obtain purer particles 
at the end: (1) test those washing solutions but with higher 
concentrations, (2) repeat a second consecutive wash with 
those solutions, (3) do a further washing step with those 
solutions but after the washing step with acetone.

The final Au particles were further analyzed with high-
resolution scanning transmission microscopy (HRSTEM) for 
further characterization on the atomic scale. The HRSTEM 
images confirmed the presence of tiny cubic Au nanoparti-
cles (~ 20 nm) and large Au particle clusters (~ 0.2–0.8 μm) 
with flower-shaped and cubic morphologies that seem to 
be formed by aggregates of the tiny particles (Fig. 7A, B). 
Moreover, the HRSTEM images showed clear lattice fringes 
on the tiny particles and the fast Fourier transform (FFT) 
pattern of the respective area revealed interplanar lattice 
distance values of two types: ~2 and ~1.2 Å (Figs. 7D, 9E). 
In addition, the selected area electron diffraction (SAED) 
pattern confirmed the polycrystalline nature of the Au par-
ticles (Fig. 7F).

Finally, through High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) imaging 
on one flower-shaped particle (Figure OR 8), the aggrega-
tion of tiny Au nanoparticles forming a porous nanoparticle 
cluster seems even more evident.

The use of R. idaeus extracts was previously tested with 
unimetallic solutions for Ag nanoparticles synthesis by leaf 
extracts [80] and for Au and Ag nanoparticles synthesis by 
fruit extracts [71, 81, 82]. However, this work confirms for 
the first time the possibility of using R. idaeus leaf extracts 
for Au nanoparticles synthesis from Au unimetallic solu-
tions, as well as from complex Au bearing leachates. This 
is important, not only because according to [34], Au nan-
oparticle synthesis by plant extracts in general can have 

Table 5   Average values of normalized weight and atomic abundances 
of different elements obtained from four STEM-EDS images of Au 
particles washed with pure acetone

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

O 0.4 3.7
Al 0.0 0.1
S 3.0 13.5
Cu 6.5 14.8
Pb 2.5 1.7
Au 86.5 63.5
Zn 0.5 1.2
Ni 0.3 0.7
Sn 0.1 0.1
Si 0.1 0.8
Sum 100 100
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advantages aiming the development of environmental 
friendly processes, but also because the R. idaeus leaves 
are a by-product of raspberry production available in large 
amounts, which is suitable for large-scale processes to sat-
isfy the demand for this substance. Utilization of R. idaeus 
leaf extracts for gold nanoparticles synthesis offers a prime 
example of resource efficiency and waste valorization. By 
utilizing the abundant by-product of raspberry production, 
this approach not only minimizes waste generation but also 
maximizes the value extraction from the agricultural sector.

Due to their unique physicochemical properties, synthe-
sized gold nanoparticles with slight contamination of Pb 
have several potential applications such as applications in 
analytical methods like colorimetric methods for the iden-
tification and determination of heavy metal ions in aqueous 
solutions [83], catalysts in CO oxidation [84], water gas shift 
reactions [85], development of biosensors [86], coating for 
improved electrode surface area [87] etc. In addition, they 
can be used in remediation of contaminated sites or water 
bodies [88, 89] and the presence of lead in the nanoparticles 
could enhance their ability to adsorb or capture lead ions 
from the environment, facilitating the removal of lead con-
taminants [90]. These findings highlight the opportunity to 
integrate circular economy principles into nanotechnology 
research, facilitating the development of environmentally 
friendly and economically viable processes.

Au Recovery Mechanism with R. idaeus Leaves’ 
Extract

UV–Visible Spectroscopy

The bio-reduction of Au(III) ions during the reaction with 
the phytochemicals present in the 70% hydroalcoholic extract 
of R. idaeus was monitored by molecular UV–visible spec-
troscopy. Figure 8 presents the UV–visible absorption spec-
tra of the 100 mg/L Au(III) unimetallic solution, R. idaeus 

Fig. 7   A, B HRTEM images of 
the Au nanoparticles aggre-
gates obtained by adding 70% 
ethanolic extract of R. idaeus 
to the Au bearing leachate 
C, D magnified high resolu-
tion STEM, E Fast Fourier 
Transform (FFT) pattern of a 
single tiny nanoparticle (all area 
of (D)) and F selected-area elec-
tron diffraction (SAED) patterns 
of the same nanoparticle

Fig. 8   Molecular UV–Visible spectrum of Au(III) (100 mg/L) solu-
tion, 70% hydroalcoholic extract of R. idaeus diluted in 0.02 M HCl 
(1–10 ratio (v/v)) and mixtures of plant extract in 100  mg/L of Au 
solution (2, 4, 6, 8 and 10% (v/v) of plant extract in Au solution)
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extract diluted in 0.02 M HCl (10% plant extract (v/v)) and 
also different ratios of R. idaeus extract in 100 mg/L Au(III) 
(4, 6, 8 and 10% plant extract (v/v)) after 1 h reaction time. 
The change of the solution color from yellow to red and 
the appearance of an absorption peak at λ = 520 nm in the 
UV–Vis spectrum are indications of Au(III) ions reduction 
into Au(0), which is due to the Surface Plasmon Resonance 
(SPR) of synthesized Au(0) nanoparticles [91]. Thus, the 
SPR band of Au(0) nanoparticle samples prepared with 
lower amounts of R. idaeus extract (4 and 6%) illustrated by 
a broad lower peak is due to the partial reduction of Au(III) 
ions, while upon the increase of extract the SPR absorbance 
peak was steadily raised and reached the highest size when 
10% (v/v) of extract was used (Fig. 8).

Fourier Transform Infrared Spectroscopy (FT‑IR)

FT-IR spectroscopy was performed to monitor the involve-
ment of functional groups of secondary metabolites present 
in the R. idaeus hydroalcoholic extract and their possible 
role in the formation and stabilization of Au particles. FT-IR 
spectra of crude R. idaeus extract as well as the mixture of 

the R. idaeus extract with 100 mg/L Au(III) solution (1/1 
ratio (v/v) and 1 h of reaction time) are shown in Fig. 9. 
FT-IR spectra of R. idaeus extract reveals several peaks at 
different wavenumbers due to the used solvent and the pres-
ence of a variety of secondary metabolites in the extract: 
peaks occurring at 1058, 1097 and 2989 cm−1 are related to 
ethanol [92], the solvent used to prepare the plant extract, 
while peaks observed at 842, 890, 1463, 1692, 1921, 2139, 
2506 and 3579 are therefore correlated to plant phytochemi-
cals. One hour after mixing the plant extract with the Au 
solution all the peaks related to phytochemicals, except the 
one at 890 cm−1 corresponding to the C=C bending of alk-
enes, disappeared or moved to different wavenumbers, sug-
gesting the involvement of different chemical groups of the 
plant compounds in the bio-reduction and/or stabilization 
process producing the Au particles.

The peak observed at 842  cm−1, related to the C–Cl 
stretching in the alkyl halides, after the reaction of extract’s 
compounds with Au(III) solution shifted to 851  cm−1. 
The peak at 1463  cm−1, associated to the C-H bending 
of the methylene group, shifted to 1467 cm−1. The band 
at 1692  cm−1, which shifted to 1696  cm−1, is related to 

Fig. 9   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 Au(III) solution 
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
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stretching vibrations of (NH)C=O and/or C=O groups of 
conjugated aldehydes and carboxylic acids, and has been 
associated to phenolic acids or organic acids [93], such 
as ellagic acids [94]. The peak that shifted from 1921 to 
1922 cm−1, corresponds to the C-H bending of the aromatic 
compounds and is probably related to phenolics such as 
tannins, flavonoids and anthocyanins [95]. The peak first 
observed at 2139 cm−1 and then totally vanished, is related 
to N=C=N stretching of the carbodiimide group and prob-
ably indicates the presence of amino acids or proteins [96] 
and/or anthocyanin [71, 82]. The weak peak at 2506 cm−1 
that shifted to 2505 cm−1 is related to the S–H stretching 
in the thiol group, which might be due to the presence of 
metallothioneins [97] and/or cysteine rich metabolites [98], 
as both are known for their high metal interaction potential 
[26], and high concentrations of cysteine have been reported 
in the leaf extract of R. idaeus by Komisarenko et al. [99]. 
Finally, the band first occurring at 3579 cm−1 which shifted 
to 3585 cm−1 is probably related to the –OH vibrations of 
carboxylic acids, phenols or alcohols and/or –NH vibrations 
of amines, proteins and peptides.

Studies by Moreno-Medina et al. [100] and Oszmiański 
et al. [94] show the presence of phenols in high quantities 
(2.6–6.9% (w/w)), mainly as ellagic acids in the leaves of R. 
idaeus. Moreover, flavonoids are reported in high contents 
in the leaves of this plant; for instance, Gudej [101] reports a 
flavonoid content range between 0.46 and 1.05% of the dried 
leaves (w/w), while, Durgo et al. [102] reports the flavonoid 
of the leaves as the main constituent of the phenolic content, 
comprising about 11% of the leaf extract powder weight. 
Other types of phenolic compounds present in the leaves of 
R. idaeus are reported as vanillic acids, ferulic, caffeoyl tar-
taric, protocatechuic, gentisic, feruloyl tartaric, p-coumaric, 
p-coumaroyl-glucoside acids, p-hydroxybenzoic [103], caf-
feic and chlorogenic acid [102], as well as terpenoids includ-
ing mono- and sesquiterpenes, like terpinolene and triterpe-
nes, squalene and cycloartenol [104, 105].

It is known that plant compounds in the groups of phenols 
and polyphenols have high interaction capabilities with met-
als in general, but specifically high with Au [35, 106]. The 
interaction mechanism of phenols with metals is not totally 
clear yet; however, it is known that the high capacity of free 
radical scavenging by the functional groups of phenols and 
also their high electron/proton donation potential are the 
main mechanism of interaction of these biomolecules with 
metals [107]. In addition, another proposed mechanism is 
suggested by the presence of nucleophilic aromatic rings in 
conjunction with some functional groups such as carbonyl, 
carboxyl and hydroxyl groups in the phenolic compounds 
[108, 109].

In a similar study, Stevanović et al. [80] used aqueous 
extracts of R. idaeus leaves for the synthesis of Ag nan-
oparticles and reported the polyphenolics, flavonoids, 

triterpenoids, proteins and organic acids as the possible 
reducing and stabilizing agents of Ag nanoparticles [80].

Moreover, another similar study by Demirbas et al. [71], 
but using extracts of R. idaeus fruits (instead of leaves) for 
Au(III) reduction and Au nanoparticles synthesis, went 
further and indicated the specific catecholamine group of 
anthocyanin as the preferential site of coordination reaction 
with Au(III) and thus, the formation of anthocyanin-Au(III) 
complexes. Based on their conclusions, this reaction may 
initiate Au nucleation for seed formation and then, the oxi-
dation of catecholamine groups results in electrons release, 
which boosts Au(III) reductin [71]. Taking this into account 
and the fact that in the R. idaeus leaves there are contents of 
anthocyanines as high or higher than in the fruits (Veljkovic 
et al. 2019), it can be suggested that these compounds should 
also play an important role in the formation of Au particles 
when leaf extracts are used.

Conclusions

This work shows the high interaction potential of phyto-
chemicals present in the leaves of three different plants (R. 
idaeus, C. ladanifer and E. andevalensis) with Au(III) ions 
when in simple unimetallic solutions, resulting in the separa-
tion of Au from the liquid phase. The work also shows that 
extracts from leaves of these three plants can be added to 
leachates obtained from PCBs, resulting in the separation of 
Au from the solution along with Pb as a major contaminant.

Moreover, specifically for the R. idaeus leaves extract, it 
was shown that pure Au nanoparticles can be obtained from 
Au unimetallic solutions, while Au nanoparticles obtained 
from PCBs leachates are contaminated with PbSO4, which 
can be further separated from the Au particles by HCl wash-
ing. Plus, it was also shown that acetone efficiently removes 
the complexed organic-metals contaminants allowing to 
obtain highly pure Au tiny nanoparticles (~ 18 nm) aggre-
gated in larger Au microparticle clusters (~ 0.8 μm).

Rubus idaeus leaves are the main waste of red raspberry 
fruit industry, which is widely cultivated in Europe, Asia, 
and America. Therefore, this study reinforces the idea of 
beneficiation of those wastes in extract preparation and 
application for Au separation and recovery from secondary 
sources. By employing the circular sustainability approach, 
this research showcases the transformative potential of har-
nessing plant extracts from R. idaeus leaves as a viable and 
environmentally friendly solution for Au separation and 
recovery, contributing to a more sustainable and resource-
efficient future.
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