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Currently, palladium represents an expensive and scarce element in the Earth's crust, with the mineral
resources of platinum group metals (PGMs) predominately localized in South Africa and Russia. The
growing demand for this material necessitates the development of suitable strategies to recover it from
end-of-life devices. The recovery of palladium by combining leaching and sacrificial photocatalytic
deposition in a low-waste process was proposed here as a possible alternative to the current technologies.
The effect of the species involved in the single processes in the recirculated stream was evaluated, where a
negligible influence of the sacrificial species (ethanol) in the leaching unit was noticed. Different home-
prepared ZnO photocatalysts were tested, and the best performance in terms of recovery of palladium was
obtained in the presence of ZnO nanoparticles prepared through sol-gel synthesis. The proposed
procedure is a viable route for the recovery of Pd from spent catalysts: by combining the processes, the
complete oxidation of palladium was observed in about 15 minutes, while the recovery of Pd through
photodeposition on ZnO occurred within 120 minutes of irradiation.
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1. Introduction

Nowadays, the depletion of resources and demographic
growth, the increasing prices of raw materials, climate change
and environmental problems related to production processes
lead to recognition of the wurgency to promote the
development of a circular economy, through the study and
the adoption of near-zero waste processes.' > Metals are the
best candidates to take a similar approach, being indefinitely
recyclable, without any problem related to downcycling.>**
Among the recyclable materials, PGMs, and, in particular
palladium, are the most interesting,”” due to the great
number of applications in which they are used,”* such as
catalytic converters, electronic devices and chemical
production (see Fig. 1 for the percentage demand in different
industrial applications). The European Union inserted
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platinum group metals in the list of 14 strategic materials,
due to their key role in several industrial applications."
Looking specifically at palladium, it is certainly an
expensive and relatively scarce element in the Earth's
crust, with the mineral resources of PGMs predominately
localized in South Africa and Russia.'® A huge gap was
recorded in the last few years between the growing
demand for this material and its limited supply which
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Fig. 1 Application demand for palladium in different industrial

applications since 2016.”
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requires the development of appropriate strategies to be
developed.” Recently, to the shortage in
palladium supply, several authors proposed and discussed
the recycling of metals from end-of-life devices."’>°

At present, hydrometallurgical processes represent the most
widely used approach for metal recovery,® > despite the
numerous operating units, the strong acidity and the high-
temperature conditions required, and the polluting streams
resulting from those treatments. In a previous study,*® some of
the authors proposed and discussed an alternative route for
the dissolution of zero-valent palladium nanoparticles from
solid wastes by means of NaCl and CuCl, under mildly acidic
conditions, identifying the best chloride and cupric ion
concentrations to optimize the leaching process.

Nowadays, leaching solutions containing dissolved
palladium are generally treated by means of different processes
such as  precipitation, membrane separation and
electrodeposition, for which low selectivities are recorded and
numerous operating units are required.*>**° An alternative
was proposed by some of the authors in a recent study,”® in
which the recovery of palladium from the leaching solution
was achieved through its photocatalytic deposition in the
presence of ZnO under visible and UV-visible light irradiation.

Starting from a spent palladium catalyst, the effective
recovery of the metal may be thus obtained from the
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photodeposition), although this approach leads to the
generation of wastewater streams that need proper treatment
before discharge into the environment (see below). In the
following sections, a detailed description of a new process
combining leaching and photodeposition stages is presented
and discussed.

2. Combination of the leaching and
photodeposition processes

In Fig. 2, the block diagrams of the processes for the palladium
recovery are reported according to the results of previous
studies.***® The recovery of metallic palladium takes place
from a spent catalyst in which the catalytic activity is based
only on the presence of this metal. Referring to palladium, as
reported previously and shown in Fig. 2(A), a solution
containing NaCl/CuCl, (1) is used to oxidize Pd(0) to Pd(u),
obtaining a waste not containing palladium species. The
solution derived from the leaching unit (2) is successively
treated, in the presence of ZnO nanoparticles in a
photocatalytic reactor; in particular, as previously reported and
shown in Fig. 2(B), the photodeposition process takes place in
the presence of ethanol as a sacrificial agent, under UV-A/
visible light irradiation. The resulting Pd/ZnO composite
material is separated from the solution by filtration and
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Fig. 2 Block diagram for the recovery of palladium from waste materials. (A) Leaching stage (the unit reported in green colour was studied in a
previous study®?), (B) photodeposition stage and recovery of metallic palladium (the units reported in green colour were analysed in a previous

study*?),

(C) combined process with recycling (studied in the current work). Leaching and photodeposition units (red dashed box);

photodeposition unit and preparation of the photocatalyst (black dashed box).
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ethanol. As for the effective palladium recovery, the dissolution
of zinc oxide nanoparticles, by adjusting the pH of the
suspension below 6.30, was studied in a previous study.*!
Therefore, metallic palladium precipitates are recovered, while
a stream containing zinc ions and nitrates is generated (4).

Table 1 shows the theoretical composition of the spent
streams generated within the two processes, calculated
according to the indications reported in previous papers®**°
when the total recovery of palladium was achieved starting
from a synthetic waste containing about 100 milligrams of
the metal. It is evident from the scheme in Fig. 2(B) that the
streams (3) and (4) have to be considered as waste for which
a proper treatment has to be arranged to allow their disposal.
However, as shown in the Table 1, despite the presence of
ethanol, being stream (3) mainly composed of chloride and
copper species, it could be possible to reuse it in a new
leaching stage, thus reducing the produced wastes.
Meanwhile, stream (4), coming from the dissolution of zinc
oxide and containing zinc ions and nitrates, could be used to
newly synthesize fresh zinc oxide particles to be recycled and
used as a photocatalyst in the photodeposition stage.

According to the facts reported above, the present work
evaluates the possibility of effectively recovering palladium from
spent catalysts containing it, combining processes A and B
(Fig. 2) in a single two-stage process (leaching +
photodeposition) in which streams (3) and (4) are recycled from
the outlet of the photoreactor to the leaching unit, focusing the
attention on the influence of the recycled streams on the
kinetics and yield of palladium recovery. In particular, the effect
of ethanol (used as a sacrificial agent) on the leaching process
is analysed, along with the need to re-oxidize the Cu(1) ions
produced during the leaching stage and the makeup of these
species required at the end of the sequence of the two stages to
maintain a fixed recovery efficiency in the successive
treatments. Finally, a procedure is developed for the preparation
of ZnO photocatalyst particles from exhaust effluents -
generated during the photodeposition stage — and tested as an
effective way of recycling zinc in the overall process.

3. Materials and methods
3.1. Materials

Copper chloride (CuCl,, powder, purity = 99%), sodium
chloride (NaCl, purity >99%), zinc oxide (ZnO, nanopowder,

Table 1 Theoretical compositions of the aqueous solutions coming from
the blocks reported in Fig. 2

Species (1) (2) (3) (4)
Ethanol (M) — — ~1.7 —
cu*' (mM) 2.5 — — —
Cu' (mM) — 2.5 2.5 —
Ccl” (M) 4.0 4.0 4.0 —
Na' (M) 4.0 4.0 4.0 —
Zn** (mM) — — — 30.0
NO;™ (mM) — — — 60.0
H,0 (1) 1 1 1 1

This journal is © The Royal Society of Chemistry 2023
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<50 nm particle size (BET), purity >97% - used as a
reference), palladium chloride (PdCl,, purity = 99%), titanium
dioxide nanopowder (TiO,, commercial grade, Aeroxide P25,
average particle size 21 nm, specific surface area 50 + 15
m? g™', 80/20 anatase/rutile), metallic palladium (Pd, powder,
<1 pm, purity >=99.9% - used as a reference), zinc acetate
dihydrate (ZAD, purity >99.0%) and triethylamine (TEA,
purity >99.0%) were purchased from Aldrich Chemistry.
Ethanol (EtOH, purity =99.8%) was purchased from Fluka.
Sodium hydroxide pellets (NaOH), hydrochloric acid (HCI,
37%), and nitric acid (HNO;, 69%) were purchased from
AnalaR BDH. Doubly glass-distilled water was used
throughout this study.

3.2. Experimental procedures

In the current work, ZnO nanoparticles were synthesized
following different procedures:

3.2.1. Synthesis of ZnO nanoparticles via a sol-gel
approach. Some photocatalytic materials were prepared
through a sol-gel method, based on a recent article.”” In
particular, about 1 g of catalyst was obtained when 40.83 mL
of 0.4 M NaOH was added dropwise to 61.25 mL of an
aqueous solution of Zn(NO3), 0.2 M. After stirring at 500 rpm
for 30 minutes, the solution was kept at room temperature for
18 hours to obtain a white gel. Afterwards, the gel was washed
four times with distillate and dried at 80 °C in a fan-assisted
oven (30%) for 24 hours. The obtained powder was calcined at
fixed temperatures (200 °C and 500 °C) in air (ZnO-S air 200
°C and ZnO-S air 500 °C), and nitrogen (ZnO-S N, 200 °C) for
2 hours, then it was tested and characterized.

3.2.2. Synthesis of ZnO nanoparticles via a solvothermal
approach. ZnO nanoparticles (ZnO-H) were also prepared
through a solvothermal approach, taking inspiration from
our previously defined protocol.*’ First, a solution of the
inorganic precursor was prepared by solubilizing 0.53 g of
ZAD into an organic mixture of ethanol (144 mL) and TEA
(3.36 mL). This solution was alternately stirred and sonicated
for about 15 minutes to allow the complete dissolution of the
acetate salt. Then, 16 mL of double-distilled water was added,
thus resulting in a slight loss of transparency indicating that
hydrolysis and condensation reactions started. The obtained
mixture was inserted into a sealed Teflon mini-reactor, in
which the liquid volume corresponded to 75% of the total
one, which was placed in a circulating oven at 120 °C for 2
hours for the solvothermal treatment. The suspension of
ZnO-H was collected by centrifugation at 12500 rpm for 15
min and washed 3 times with double-distilled water.

3.2.3. Leaching and photodeposition procedures.
Palladium leaching runs and photocatalytic palladium
reduction were carried out based on the procedures reported
in previous articles.***° In particular, for all runs, a fixed
amount of a spent catalyst (Pd/TiO,) was added in a doubly
distilled aqueous solution (Cpgrio, = 500 ppm; Pd°
percentage = 21% wt) at pH = 5.0 and a temperature of 60 °C,
containing fixed concentrations of CuCl, (2.5 mM), NaCl (6.0

React. Chem. Eng., 2023, 8, 661-672 | 663
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M) and EtOH (1.71 M); when the leaching process was
completed, the pH of the obtained solution was adjusted to
8.0, by adding sodium hydroxide, to prevent ZnO dissolution.
Moreover, to prevent the reaction between the dissolved
oxygen and photogenerated electrons, a nitrogen stream was
bubbled into the solution starting 40 minutes before the
beginning of the photocatalytic runs. ZnO nanopowder (500
ppm) thus added to the mixture. During the
photocatalytic ~ experiments, performed at ambient
temperature, nitrogen was continuously bubbled into the
reactor, at a flow rate of 0.3 L min™". In all cases, to study the
deposition of palladium, at fixed times, several liquid
samples were collected. As for the recycling experimental
runs, to oxidize the copper species used in the leaching
process, an air stream was bubbled into the solution derived
from the photodeposition unit, starting 30 minutes before
the leaching process. The material obtained after the
photodeposition process was recovered as described in a
previous article.*’ After washing the Pd/ZnO photocatalyst
several times, a stoichiometric amount of HNO; was added
to an aqueous solution in which the solid was suspended, to
convert ZnO to a Zn(NOj3), solution and a metallic precipitate
(zero-valent palladium). The prepared solution was used to
re-prepare ZnO photocatalysts by using the above-described
sol-gel method for successive photodeposition.

3.2.4. Analytical techniques and material characterization.
The colorimetric determination of palladium was performed
using a spectrophotometer Cary 100 UV-vis (Agilent
technologies), as reported in a previous article,”® while the
total concentration of cupric and cuprous ions in solution
was measured employing a colorimetric method using an
analytical kit (Macherey-Nagel) based on oxalic acid bis-
cyclohexylidene  hydrazide (cuprizone), as reported
previously,* finally, a colorimetric determination of Cu(1)
was carried out according to Gahler.*> The morphology of all
the photocatalysts and the recovered materials was
investigated through transmission electron microscopy
(TEM), using an FEI Tecnai G2 200kV microscope (FEI,
Hillsboro, OR, USA). The TEM sample was prepared by
suspending the powder sample in 2-propanol, treating it with
ultrasound, and finally depositing 3 pL of the suspension 2
consecutive times on a 300-mesh Cu grid provided by
Tedpella. The solvent was then evaporated at room
temperature. The nature of the crystalline phases in the
nanostructures was determined through X-ray diffraction
(XRD) analysis, using a Bruker D2 Phaser XRD with CuKa
radiation, operating at diffraction angles 26 ranging between
5 and 90° with a scan step-size of 0.05°. The optical
properties of the photocatalysts were assessed by the results
of Diffuse Reflectance Spectroscopy, in the wavelength range
220-800 nm, employing a  SHIMADZU  UV-2600
spectrophotometer. For this purpose, the powder-based
catalysts were dispersed onto a BaSO, substrate (100%
reflectance standard) and then analysed. The diffuse
reflectance spectra of all the prepared photocatalysts were
collected and converted to the corresponding absorption

was
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spectra through the Kubelka-Munk function. Direct band
gap energies (Eg) were calculated as the intercept of the fitted
line on the abscissa ([F(R)hv]* = 0), following the Tauc
method, to detect any modifications in the optical properties
caused by different synthesis strategies or calcination
treatments. Scanning electron microscopy (SEM) was
performed using a Nova NanoSEM to observe the morphology
of samples. The SEM sample was prepared by placing a small
amount of powder sample on carbon tape attached to a
stainless-steel stub.

4. Results and discussion

Starting from the simplified schematics of processes A and B
reported in Fig. 2 and moving towards a combining scheme
(C in the same figure) some problems may be expected due
to a different composition of the streams concerning those
obtained when leaching and photodeposition were carried
out as separate processes. In the following subsections, the
effects of this difference in the composition of the streams
will be analysed in detail.

4.1. Leaching process

Following the approach described above, it can be easily
understood that the leaching stage requires evaluating (i) the
effect of the presence of ethanol and (ii) the effect of the
presence of cuprous ions (instead of cupric ones).

4.1.1. Effect of ethanol. According to Table 1, the stream
(3) in scheme B of Fig. 2 contains chlorides and cuprous ions
(that could be easily converted into cupric ions) - at
concentrations near those reported as optimal to dissolve
palladium in a previous paper (6 M and 2.5 mM, respectively)
- for which it was proposed to recirculate it to the leaching
unit. Table 1 indicates the presence in this stream also of
ethanol, whose effects on the leaching stage were not reported
in the literature. Therefore, it was considered necessary to
investigate the effect of ethanol on the metal dissolution
process. For this purpose, a comparison between the results,
in terms of palladium oxidation yield against time (Xpg =
[Pd*")/[Pd®]), in the presence and absence of ethanol, is
reported in Fig. 3. The figure highlights that the presence of
ethanol (1.71 M) does not influence the leaching process,
probably because it does not react with the present species.

4.1.2. Effect of airflow and Cu(1)-Cl makeup on the
leaching process. Along with ethanol, the solution derived
from the photocatalytic process contains, as reported in the
previous section, sodium chloride and copper ions (Cuf(i)
and/or Cu(n)). In the previous work,’® as indicated in reaction
(r.1), the oxidation of metallic palladium in the leaching
process requires the reduction of copper(n) to copper (i), as
clearly shown in Fig. 4(a). For this reason, to recirculate the
stream coming from the photodeposition stage to the
leaching one, it is necessary to provide an air stream
bubbling in the solution to completely re-oxidize copper(i) to
copper(u), the latter representing the active species for the
leaching of metallic palladium (r.1).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Leaching step: evolution of the dissolved palladium fraction in
aqueous solution in the presence (full symbols) and absence (empty
symbols) of ethanol. Experimental conditions: pH = 5.0; Cpg) = 106
mg L™ [Cu®*1o/[Pd%lp = 2.5; V = 0.2 L; T = 60 °C; [NaCllp = 6.0 (M);
[ethanol] (if present) = 1.71 M.
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Fig. 4 (a) Copper() (m) and copper(i) (C) evolution during a typical

leaching process; (b) palladium(i) evolution in a typical leaching run (e),
with a recycled solution with (#) and without air stream (Q).
Experimental conditions: Cpg) = 106 mg L™ [CuCLl/[Pd(0)], = 2.5;
[NaCll = 6.0 M; [EtOH] = 1.71 M; T=60°C; pH=5.0; V=0.2 L.

1 _ 1 _ _
Epd" +Cu*t +4Cl” = EPclc142 + CuCl,

(r1)

Fig. 4(b) shows a comparison (in terms of palladium yield
oxidation (Xpg) vs. time) between the results obtained in a
typical leaching process concerning those obtained with a
recycled solution, previously submitted to an air stream
bubbling (full symbols) or not (empty symbols). In the latter
case, a slower palladium oxidation occurs, with a maximum

This journal is © The Royal Society of Chemistry 2023
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conversion of about 80%. This result can be probably
ascribed to the oxidation of a certain amount of copper(i)
(formed during the first leaching stage) by the oxygen
dissolved in the solution during the recycling. In contrast,
the results obtained in the presence of the recycled solution -
in which an air stream was bubbled starting 30 minutes
before the leaching run - are comparable to those obtained
using fresh leaching solutions, thus confirming the
effectiveness of the recycling process.

Moreover, an evaluation of the total copper and chloride
amounts eventually lost during the separation and the
washing of the solid phase from the suspension (about 15%
with respect to the feed) allowed establishment of the
suitable makeup of these species at the leaching unit.

4.2. Photodeposition process

In the previous paper,*® the recovery of palladium coming
from the leaching solution through a photodeposition
process was proposed, focusing attention on the effect of the
radiation intensity, the sacrificial agent concentration, and
the catalyst load. Moreover, considering the properties of
ZnO to dissolve at certain pH values, an assessment of the
best choice of the suspension pH was performed. In the next
subsections, the influence of some operative variables on the
photodeposition stage has been investigated, focusing on the
possibility to recover the solutions as well as the
photocatalytic material used.

4.2.1. Effect of ethanol make-up on the photodeposition
process. As discussed in section 4.1.1, the solution derived
from the photodeposition stage, containing the leaching
reagents and ethanol, may be recirculated to the leaching unit.
To maintain a constant photocatalytic efficiency, in terms of
the deposition degree of palladium with time, it is necessary to
evaluate the makeup of the sacrificial agent required before the
recycling of the solution. As demonstrated previously, the
presence of ethanol in the solution does not influence the
leaching process, while a different behaviour of the
photocatalytic system was previously observed by varying its
concentration.*® In Fig. 5, the efficiency of the photocatalytic
Pd(u) reduction during a typical photocatalytic experiment, in
the presence of commercial ZnO, was reported for (i) a run with
a fresh solution, (ii) a run with a recirculated solution in which
no fresh ethanol was added, and (iii) a run with a recirculated
solution in which an amount of ethanol was added to the
solution to reach a concentration similar to that adopted in the
previous work on photodeposition. For this purpose, the loss of
ethanol due to stripping by air stream bubbling to re-oxidize
cuprous species, and the consumption during palladium
deposition was calculated. As clearly shown by the diagram, the
recovery efficiency was not significantly modified by varying
the make-up of ethanol, probably due to the high
concentration of the sacrificial species present in the solution
used in the photocatalytic process.

4.2.2. Effect of different home-prepared ZnO
photocatalysts. As indicated in the previous section, the
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Fig. 5 Metal recovery efficiency (zero-valent palladium) with time
during different photocatalytic runs: (m) photocatalytic run) (m)
photocatalytic run with the recycled solution, with make-up of
ethanol; (m) photocatalytic run with the recycled solution, without
make-up of ethanol. Experimental conditions: Cz,o = 500 ppm
(commercial ZnO); [Pd(i)]lg = 1.0 mM; [Cu()] = 2.5 mM; [NaCl] = 6.0 M;
[EtOH] =171 M; T=25°C; pH =8.0; V=0.2 L.

stream (4), coming from the dissolution of zinc oxide, is
mainly composed of zinc ions and nitrates (when nitric acid
is used to dissolve the ZnO photocatalyst). In the present
research, the possibility to reuse the solution containing zinc
ions to newly prepare zinc oxide semiconductors is
proposed. For this purpose, the effect of different home-
prepared zinc oxide photocatalysts was evaluated for
palladium(u)  photoreduction. As reported in the
experimental section, four different types of zinc oxide
samples were prepared, by adopting (1) a sol-gel method,
followed by calcination under air or a nitrogen atmosphere
at selected temperatures, and (2) a solvothermal method,
based on a previous protocol.**

The behaviour of the different materials was analysed,
focusing on (i) the photocatalytic activity and (ii) the
preparation methods.

In Fig. 6, the palladium evolution versus reaction time was
reported in the presence of different zinc oxide photocatalysts.
As clearly shown by the trend lines, the highest photocatalytic
reactivity was recorded in the presence of air calcined
photocatalysts. All the materials prepared through the sol-gel
method highlighted a trend typical for such processes,
indicating an adsorption phenomenon at the initial stage of
the photodeposition, as reported also for the benchmark
photocatalyst (commercial ZnO). Moreover, the increase of the
calcination temperature from 200 °C to 500 °C appears to have
only a small influence on the photocatalytic deposition of
palladium. As for the ZnO photocatalyst prepared through
hydrothermal synthesis, a lower activity was recorded, despite a
complete photoreduction observed after 80 minutes of
irradiation. The lower reactivity can be probably ascribed to the
different morphology of the material, for which initial
adsorption was not observed.

It is clear that, in the latter case, the dissolution of zinc
oxide — proposed in section 2 to recover the metallic Pd by
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Fig. 6 Palladium(i) evolution during photocatalytic runs in the
presence of different home-prepared zinc oxide photocatalysts.
Experimental conditions: Cz,o = 500 ppm; [Pd(i)]p = 1.0 mM; [Cu()] =
2.5 mM; [NaCl] = 6.0 M; [EtOH] = 1.71 M; T =25°C; pH = 8.0; V= 0.2
L. (m) ZnO-S N, 200 °C; (1) ZnO-S air 500 °C; (A) ZnO-S air 200 °C;
(0) ZnO-H; (4) commercial ZnO as a reference.

adjusting the pH of the suspension below 6.30 - should be
performed with acetic acid, thus obtaining a fresh precursor
for the hydrothermal synthesis. This alternative preparation
method was herein proposed because, from an
environmental point of view, the use of organic acids might
be preferred to that of nitric acid. Nevertheless, based on the
above-reported considerations on the photocatalytic activity,
the material prepared through the sol-gel method and
calcination in air at a temperature of 200 °C was chosen as a
photocatalyst for further deposition of palladium.

4.3. Materials characterization

In this subsection, a thorough characterization of the best
photocatalyst tested (ZnO-S air 200 °C) will be analysed and
discussed, along with the recovered Pd/ZnO composite, the
recovered metal, and the newly prepared and recycled
photocatalysts. As a comparison, the characterization of the
ZnO nanoparticles prepared through the solvothermal
approach (ZnO-H) will be investigated.

Estimated E, values are collected in Table S1.f Fig. 7
shows the [F(R)7v]* function against photon energy for all the
fresh photocatalysts. Tauc-plot linearization (inset in Fig. 7)
points out that the 3.23 eV band gap is estimated for ZnO-S
air 200 °C and a very similar value was obtained for ZnO-H,
confirming the value found by Vitiello et al** for ZnO
nanoparticles produced through a similar hydrothermal
route. This E, is associated with the direct transition between
the O,,-Znzq valence band and the Zn,s-Zn,, conduction
band.*®*” A minor enhancement of the band gap is detected
when calcination is carried out at a higher temperature (ZnO-S
air 500 °C) or under a N, flux (ZnO-S N, 200 °C). Similarly,
E, rises for photocatalysts obtained through single (ZnO-S air
200 °C-II) and double (ZnO-S air 200 °C-III) recycling of
stream (4) with respect to freshly prepared ZnO-S air 200 °C

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Tauc-plot linearization of DRUV-vis spectra for commercial
ZnO (black), ZnO-S air 200 °C (red), ZnO-S air 500 °C (blue), ZnO-S
N, 200 °C (magenta), and ZnO-H (olive). Inset at the top left
indicates the 3.0-3.5 eV region with the linear extrapolations for each
curve (dashed lines).

(Fig. 8). As for commercial ZnO, it exhibits the lowest band
gap, equal to 3.18 eV and significantly narrower than those
reported in the literature.”®*>° This could be due to the
important Al doping (6%) of the reference materials used,
which cause defects in the wurtzite lattice with the
consequent shrinking of the band gap for Al doping higher
than 1.5%.>"

In Fig. 9, XRD diffraction patterns are reported for
different materials (commercial ZnO and commercial Pd),
ZnO prepared through the sol-gel method (ZnO-S air 200
°C), ZnO newly prepared after one (ZnO-S air 200 °C I) and
two dissolutions (ZnO-S air 200 °C II), the Pd/ZnO composite
material (Pd/ZnO (S air 200 °C)) and the recovered Pd. The
peaks in all ZnO spectra can be indexed to the hexagonal
phase of ZnO (wurtzite) and the face-centered cubic phase for

10947
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Fig. 8 Tauc-plot linearization of DRUV-vis spectra for ZnO-S air
200 °C (red), ZnO-S air 200 °C - Il (purple), and ZnO-S air 200 °C - 1lI
(dark yellow). Inset at the top left indicates the 3.0-3.5 eV region with
the linear extrapolations for each curve (dashed lines).
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Pd. The ZnO and Pd peaks agreed well with the reported
literature diffraction peak values for ZnO (JCPDS no. 36-1451)
and Pd (JCPDS no. 05-0681). In the case of the sol-gel
synthesized ZnO, additional peaks were observed, indicating
the likely presence of impurities, while the shifting in the
diffraction peaks of the ZnO sample is typical for the home-
prepared materials. The presence of metallic palladium was
confirmed by the Pd/ZnO spectra, in which a peak
corresponding to Pd(111) was observed. The crystallite size
and the crystallinity of the sol-gel synthesized ZnO are larger
than that of the commercial sample. The crystallite size and
the crystallinity of the recovered Pd are smaller than that of
the commercial sample. Hydrothermal synthesis conditions
did not result in any changes in the diffraction pattern of
ZnO-H if compared to the other presented photocatalysts
(Fig. S17), confirming the formation of a proper wurtzite
lattice (JCPDS no. 36-1451).

The comparison between the SEM images of the commercial
ZnO and that prepared through sol-gel synthesis, reported in
Fig. 10, demonstrated a smaller size of agglomerates (ca. 100
nm), mostly spherical-like in shape in the first case, while the
home-prepared samples show a larger size of agglomerates (ca.
500 nm), with shapes varying from spherical-like to plate-like to
rod-like. The newly prepared samples (ZnO-S air 200 °C I and
1I) show more agglomerates than the fresh sample (ZnO-S air
200 °C), mostly spherical-like and plate-like in shape (see Fig.
S2t). As concerns the Pd/ZnO sample, recovered after the
photocatalytic deposition of palladium (see Fig. S37), the size of
the agglomerates (ca. 50 nm) is much smaller than that of the
ZnO sample (ZnO-S air 200 °C), with a morphology more
homogeneous than that of ZnO-S air 200 °C and most particle
agglomerates are spherical-like in shape.

Moreover, in Fig. 11, the TEM micrographs of the
recovered palladium are reported. As clearly shown by the
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Fig. 10 SEM images of commercial ZnO (A and B) and ZnO samples (ZnO-S air 200 °C (C and D)) prepared through sol-gel synthesis.

figure, the recovered metal shows particle sizes ranging from
2 to 5 nm (see Fig. S47).

Concerning the morphology of the ZnO samples,
micrographs for the ZnO-H sample (Fig. 12A and B) display
the presence of rod-like nanostructures with a diameter of
about 10 nm and a heterogeneous length distribution
ranging from 10 to 150 nm (see Fig. S5f). An alkaline pH
allows for the enlargement of ZnO particles due to the
migration of Zn0,>” anions from the hydro-alcoholic reaction
mixture to primary ZnO nuclei. Moreover, the anisotropic
shape of rods is attributed to the presence of TEA, which acts
as a chelating agent for Zn®* cations, preventing ZnO
nanostructures from radial expansion.* Furthermore,
micrographs of ZnO-S air 200 °C (Fig. 12C and D) show the
presence of shapes varying from spherical-like to hexagonal-

Fig. 11 TEM images of palladium recovered through photodeposition.

668 | React. Chem. Eng., 2023, 8, 661-672

like to rod-like, with a larger size of particles (50-500 nm).
The different morphology observed for ZnO-H and ZnO-S air
200 °C may be related to the different reactivity recorded in
the presence of the two different photocatalysts, as reported
in the previous section (see Fig. 6). Finally, the comparison of
the TEM micrographs of the fresh ZnO (Fig. 12C and D) to
the newly prepared samples (Fig. 12E-H, obtained through
sol-gel synthesis) shows that the morphology of sol-gel ZnO
particles did not change after being recycled, while the size
of particles seems to decrease after every regeneration cycle.

4.4. Photocatalyst recycling

The chosen material was used to evaluate the possibility of
effectively reusing the solution containing zinc ions and
nitrates for the newly prepared photocatalyst. As clearly
shown in Fig. 13, the photocatalytic activity in the presence
of the newly prepared materials is comparable to that
obtained with the fresh sample, thus indicating the
possibility to recycle the stream (4). The comparison between
the XRD patterns of the fresh samples and the samples
prepared from zinc recovery (see Fig. 8) indicates a similar
crystalline structure of the three materials, thus confirming
the effectiveness of this choice, despite some impurities
being observed in the fresh sample, which are probably not
fully eliminated during the washing procedure. The moderate
reduction in the photodeposition rate may be ascribed to the
higher agglomeration of the particles of the newly prepared

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (A and B): TEM images of ZnO-H nanorods taken at lower
(A) and higher magnification (B); (C and D): TEM images of ZnO-S air
200 °C taken at lower (C) and higher magnification (D); (E and F):
TEM images of ZnO-S air 200 °C |, taken at lower (E) and higher
magnification (F and H): TEM images of ZnO-S air 200 °C II, taken at
lower (G) and higher magnification (H).

samples with respect to the fresh material, as clearly
indicated in the SEM images reported in Fig. 9 and
previously discussed.

4.5. Reuse of the leaching solution

To conclude this investigation on the possibility to combine
the leaching and photocatalytic deposition processes of
palladium, some experimental runs were performed with

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Palladium(i) evolution in the presence of the ZnO photocatalyst
prepared through calcination in air at 200 °C for 2 hours (ZnO-S air 200
°C), during photocatalytic runs in which zinc oxide was dissolved and
prepared three times: (m) first photocatalytic run, (e) second
photocatalytic run, and (A) third photocatalytic run. Experimental
conditions: Czno = 500 ppm; [Pd(i)]p = 1.0 mM; [Cu()] = 2.5 mM; [NaCl] =
6.0 M; [EtOH] = 1.71 M; T=25°C; pH =8.0; V=0.2 L.

more than one recycling of the solution coming from the
photocatalytic unit. Starting from a spent Pd’/TiO, catalyst,
the leaching stage was carried out; then, the best-tested
photocatalyst was used for the photodeposition (ZnO-S air
200 °C). Once the material Pd/ZnO has been separated, the
solution from the photodeposition process has been treated
with airflow, as the presence of cuprous ions requires the
oxidation of copper(i) to copper(u), the latter being the active
species in the leaching process. A second (and third) aliquot
of the spent Pd’/TiO, catalyst was thus used to carry out the
successive leaching and photodeposition stages. In Fig. 14
the results (in terms of Pd** evolution vs. time, with respect
to the initial Pd°) in the single “two-stage process” were
reported. As indicated in the diagrams, regarding the
leaching process, the effectiveness to recirculate the solution
coming from the photodeposition stage was confirmed,
obtaining the complete oxidation of palladium in about 15
minutes; moreover, in all photocatalytic stages, the
photodeposition of palladium occurred within 120 minutes
of irradiation.

5. Proposed mechanism

Fig. 15 shows the schematic illustration of the mechanism of
the main stages of the proposed process. In the first block,
the leaching of palladium occurs through the reaction (r.1);
as previously discussed,®® the volume of the zero-valent
palladium particles progressively decreases with time, as a
result of the leaching reaction taking place at the palladium/
solution interface. Then, the palladium ions, obtained from
the leaching stage, can react under UV-visible light
irradiation in the presence of ZnO nanoparticles (prepared
through sol-gel synthesis): in particular, as discussed in a
previous article*® and reported in Fig. 15, palladium ions can
be reduced to metallic Pd through the reaction with the

React. Chem. Eng., 2023, 8, 661-672 | 669
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Fig. 14 Evolution of palladium(i) with time during the three “two-stage processes (leaching + photodeposition)”. (A) First stage, (®) second stage,
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[NaCl] = 6.0 M; [EtOH] = 1.71 M; T = 60 °C; pH = 5.0; V = 0.2 L. (b) Photodeposition stage: Cz,o = 500 ppm (ZnO-S air 200 °C); T = 25 °C; pH =
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Fig. 15 Schematic representation of the reaction mechanisms for the main stages of the process.

photogenerated electrons. Moreover, the formation of the
metal catalyzes further palladium reduction. Finally, ethanol
adsorbed on the catalyst surface may react with the adsorbed
palladium, producing again metallic Pd and by-products.

Conclusions

The recovery of palladium from spent catalysts containing
palladium by combining leaching and photodeposition

670 | React. Chem. Eng., 2023, 8, 661-672

processes was investigated, focusing attention on the
influence of the recycled streams on the kinetics and yield of
palladium recovery. In particular, the presence of ethanol in
the recirculated stream seems to not influence the leaching
process, possibly because it does not react with the present
species, and the recovery efficiency was not modified after
varying the make-up of ethanol, probably due to the high
concentration of the sacrificial species in a single
photocatalytic ~ step.  Different home-prepared  ZnO

This journal is © The Royal Society of Chemistry 2023
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photocatalysts were synthesized and tested, focusing on (i)
the photocatalytic activity and (ii) the preparation methods.
Based on the results obtained, ZnO nanoparticles prepared
through sol-gel synthesis, calcined at 200 °C, are suggested
to be suitable for the recovery of palladium. The proposed
procedure for the preparation of ZnO photocatalyst particles
may be considered as an effective way of recycling zinc within
the overall process. The effective combination of the leaching
and photocatalytic deposition processes was confirmed,
obtaining the complete oxidation of palladium after 15
minutes and the total photocatalytic deposition of palladium
within 120 minutes of irradiation. Despite a mere
comparison between the proposed process and those
reported in the literature being difficult, the use of mild
acidic conditions and the possibility to effectively reuse the
solution containing zinc ions and nitrates to newly prepare
photocatalyst make the process potentially attractive in the
metal recovery field.
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