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Abstract

In this work Pd nanoparticles immobilized on a hybrid solid support comprised of FesO. coated by a ZnO layer were
synthesized by a green method which makes use of water, a biological substrate from a local plant (Rhamnidium
elaeocarpum) and inexpensive Fe®* and Zn* salts. 'H-NMR and 13C-NM revealed p-sitosterol as the main
component of the biological substrate. The catalytic support containing Pd nanoparticles was applied in three model
solid-liquid catalytic systems, namely: alcohol oxidation, nitrocompound reduction and olefin hydrogenation. For the
alcohol oxidation, benzyl alcohol was used as the substrate in a solvent-free condition with high selectivity towards
benzaldehyde, and a single sample of the catalyst could be recycled up to 11 times before any loss of activity could be
detected. TOF (turnover frequency) as high as 13,686 h for the substrate oxidation was achieved with an average
yield rate of 45.4% for formation of benzaldehyde and 81.6% of average substrate conversion after 6 catalytic cycles.
For the hydrogenation experiments using cyclohexene and 4-nitrophenol as model substrates, conversion as high as
96% to 4-aminophenol and cyclohexane, respectively, was achieved after 30 minutes of reaction. Furthermore, a
single sample of the catalyst could be recycled for up to 17 times for the reduction of 4-nitrophenol, and 21 times in
the hydrogenation of cyclohexene. Catalytic recycling for all studied reactions was straightforward after due to the
superparamagnetic property of the material, and catalyst isolation after each batch could be rapidly carried out using a
Nd magnet. These results suggests that a highly active and stable catalytic system based on Pd nanoparticles
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supported on a multifunctional solid could be fabricated using green and inexpensive biomass under operationally
simple synthesis conditions.
Keywords: Nanomaterials; Magnetic separation; Biosynthesis.

Resumo

Neste trabalho, nanoparticulas de Pd imobilizadas em um suporte sélido hibrido composto de Fe3O4 revestido por uma
camada de ZnO foram sintetizadas por um método verde que utiliza dgua, um substrato biolégico de uma planta local
(Rhamnidium elaeocarpum) e sais metalicos de Fe®* e Zn?*. 1H-NMR e 13C-NM revelaram o B-sitosterol como o
principal componente do substrato bioldgico. O suporte catalitico contendo nanoparticulas de Pd foi aplicado em trés
modelos de sistemas cataliticos solido-liquido, a saber: oxidacdo de alcool, reducdo de nitrocompostos e hidrogenacéao
de olefinas. Para a oxidacéo do alcool, o alcool benzilico foi usado como substrato em uma condigdo livre de solvente,
com alta seletividade em relacéo ao benzaldeido, e uma Unica amostra do catalisador pdde ser reciclada até 11 vezes
antes que qualquer perda de atividade pudesse ser detectada. TOF (frequéncia de rotatividade) de 13.686 h-1 para a
oxidagdo do substrato foi alcancado com uma taxa média de rendimento de 45,4% para a formagdo de benzaldeido e
81,6% de conversdo média do substrato apds 6 ciclos cataliticos. Para os experimentos de hidrogenacdo usando
ciclohexeno e 4-nitrofenol como substratos modelo, a conversdo foi de 96% para 4-aminofenol e ciclohexano,
respectivamente, apés 30 minutos de reacdo. Além disso, uma Unica amostra do catalisador pdde ser reciclada por até
17 vezes para a reducdo do 4-nitrofenol, e 21 vezes na hidrogenagdo do ciclohexeno. A reciclagem catalitica para
todas as reagdes estudadas foi realizada de forma simples devido a propriedade superparamagnética do material, e 0
isolamento do catalisador ap6s cada lote pdde ser realizado rapidamente usando um ima de Nd. Esses resultados
sugerem que um sistema catalitico altamente ativo e estavel baseado em nanoparticulas de Pd suportadas em um
solido multifuncional pode ser fabricado usando biomassa verde e barata em condicBes de sintese operacionalmente
simples.

Palavras-chave: Nanomateriais; Separacdo magnética; Biossintese.

Resumen

En este trabajo se sintetizaron nanoparticulas de Pd inmovilizadas sobre un soporte sélido hibrido compuesto por
Fe304 recubierto con una capa de ZnO mediante un método verde que utiliza agua, un sustrato biol6gico de una
planta local (Rhamnidium elaeocarpum) y sales metalicas de Fe3+ y Zn2+. 1H-NMR y 13C-NM revelaron -
sitosterol como componente principal del sustrato bioldgico. El soporte catalitico que contiene nanoparticulas de Pd se
aplic6 en tres modelos de sistemas cataliticos solido-liquido, a saber: oxidaciéon de alcoholes, reduccion de
nitrocompuestos e hidrogenacién de olefinas. Para la oxidacion del alcohol, se usé alcohol bencilico como sustrato en
una condicion libre de solventes, con alta selectividad hacia el benzaldehido, y una sola muestra del catalizador se
pudo reciclar hasta 11 veces antes de que se pudiera detectar cualquier pérdida de actividad. Se logré un TOF
(frecuencia de rotacion) de 13 686 h-1 para la oxidacion del sustrato con una tasa de rendimiento promedio del 45,4 %
para la formacion de benzaldehido y una conversion promedio del sustrato del 81,6 % después de 6 ciclos cataliticos.
Para los experimentos de hidrogenacion utilizando ciclohexeno y 4-nitrofenol como sustratos modelo, la conversién
fue del 96 % para 4-aminofenol y ciclohexano, respectivamente, después de 30 minutos de reaccion. Ademas, una
sola muestra del catalizador podria reciclarse hasta 17 veces para la reduccién de 4-nitrofenol y 21 veces para la
hidrogenacion de ciclohexeno. El reciclaje catalitico de todas las reacciones estudiadas se realizd de forma sencilla
debido a la propiedad superparamagnética del material, y el aislamiento del catalizador después de cada lote se pudo
realizar rapidamente utilizando un iman de Nd. Estos resultados sugieren que se puede fabricar un sistema catalitico
altamente activo y estable basado en nanoparticulas de Pd soportadas en un sélido multifuncional utilizando biomasa
verde barata en condiciones de sintesis operativamente simples.

Palabras clave: Nanomateriales; Separacion magnética; Biosintesis.

1. Introduction

Green chemistry aims to develop chemical products and processes that seek to reduce or eliminate the use and

generation of hazardous substances. Catalysis is a well-known green chemistry principle, and it recommends the use of

catalytic reagents rather than stoichiometric reagents that exhibit poor selectivity and pollute our environment (Miceli et al.,

2021). In view of this, researchers have focused on developing more ecological and cost-effective catalytic processes which

has largely impacted the concept and design of catalytic materials. One approach that has begun to emerge as a greener

alternative for the fabrication of nanosctructured catalytic architectures is the use of biological substrates (BS) as both the

reducing and stabilizing agents normally required in the synthesis of nanomaterials as substitutes for harmful precursors

including surfactants, organometallic compounds, metal hydrides and so forth (Camargo et al., 2009; Ma et al., 2019; Vieira et
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al., 2020). In heterogeneous solid-liquid catalytic systems, the use of magnetic nanocomposites as support allows an easy
dispersion in the reaction medium and a quick recovery and recycling of the catalyst when compared to the commonly used
centrifugation or filtration processes (Miceli et al., 2021). Among the main types of magnetic nanocomposites widely used in
heterogeneous catalysis, metallic oxide-based matrices has stood out, mostly due to considerable gains in terms of thermal,
chemical, and adsorption stability, in addition to the magnetic, electronic, and optical properties that this type of material
exhibits (Camargo et al., 2009). Magnetite (FesO4) is an example of iron oxide that shows a considerate enhanced magnetism,
defined as superparamagnetism, when one of its dimensions are reduced to the nanoscale. Thus, Fe3O4 nanoparticles have been
utilized as catalyst/support and co-catalyst in a variety of reactions including Fenton-type oxidations, Hydrogenation of arenes
and olefins, Oxidation of alcohols/olefins and nitro compound reduction (Ma et al., 2019; Vieira et al., 2020). In the past
decade, the use of zinc oxide in the fabrication of magnetic core@shell structures has increased remarkably (Ammar et al.,
2020; Wang et al., 2016; Wu et al., 2012). This is mainly attributed to the semiconducting property of ZnO and to the fact that
it is much cheaper than TiO, (Bahtiar et al., 2019). However, ZnO is also a promising candidate for support material in the
fabrication of other solid-liquid catalytic systems such as oxidation, hydroformylation and hydrogenation. Besides the
advantages previously mentioned, Metal-Zn alloy can improve the reaction selectivity towards specific products as has been
reported by Bahruji et al. where it was showed that PdZn bimetallic formation was responsible for the high selectivity to
methanol production in the hydrogenation of CO2 ( Bahruji et al., 2016). Alcohol oxidation is widely used for the production
of paints, plastics, detergents, food additives, cosmetics, and drug intermediates (Mallat & Baiker, 2004). Hydrogenation
reactions can serve both for the synthesis of products and the neutralization of harmful compounds. An example is a
conversion of nitro compounds into amino compounds, a process broadly used for the manufacture of anticorrosive lubricant,
hair drying agent, corrosion inhibitor, photographic developer, and a well-known intermediate in the synthesis of antipyretic
and analgesic drugs (Shanmugam et al., 2019). Similarly, the reduction of alkene compounds for the petrochemical industry
can be used to saturate alkene, alkyne, and aromatic compounds, and the products of such process are widely used in
pharmaceutical and petrochemical syntheses (Yu et al., 2020). Due to their specific characteristics, supported transition metals
are considered excellent candidates for application in catalytic processes that require an oxidation/reduction step. Palladium is
a transition metal commonly used for, alkene isomerization (Chuc et al., 2017) and hydrogenation (Kuai et al., 2020),
oxidations (Guo et al., 2019), and carbon-carbon cross-coupling reactions (Parmanand et al., 2019). In this work, we present a
method of direct biosynthesis of magnetic supported Pd nanoparticles, using bark/stem extract of Rhamnidium elaeocarpum
Reissek (Rhamnaceae) species. The Pd nanoparticles, with an average size of 21.9 nm, were deposited on a magnetic
nanocomposite (FesOs@Zn0) used as a support. The FesOs@Zn0O-Pd catalyst was characterized by analysis of XPS, EDX,
TEM, and VSM, and the composition of the plant extract was evaluated by 1H, 13C NMR and FTIR. The efficiency and
stability of the catalyst was examined in the benzyl-alcohol solvent-free oxidation and hydrogenation of 4-nitrophenol and
cyclohexene. Under the conditions studied, a single sample of the catalyst could be recycled for 11 times before any
deactivation could be observed. For the oxidation experiments, TOF values as high as 13 686 h* was observed, with an
average yield rate of 45.4% up to the 8th cycle. In addition, an average conversion of 81.6% after 6 catalytic cycles could be
achieved. For the hydrogenation reactions of 4-nitrophenol and cyclohexene, conversion values higher than 96% was achieved
after 30 minutes. The catalyst recycling studies allowed the use of a single catalytic sample up to 17 times for cyclohexene and
21 times for 4-nitrophenol. 1H and 13C NMR confirmed that beta-Sitosterol is the main component of the acetate fraction used
in the synthesis of Pd nanoparticles. We believe the biosynthetic protocol applied in the multi-step synthesis of the hybrid
material provided with multifunctional properties such as catalytic capability and superparamagnetism is essential is of great

importance in the search for eco-friendly, efficient and inexpensive synthesis of nanomaterials.

3


http://dx.doi.org/10.33448/rsd-v11i14.36004

Research, Society and Development, v. 11, n. 14, €109111436004, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i14.36004

2. Methodology
2.1 Preparation of Plant Extract

Fresh bark/stem of Rhamnidium elaeocarpum were collected in Poconé, Mato Grosso, Brazil (16°28°7.1°’S
057°02°0.32°’W). The material was dried for a week under environmental conditions, with no sun exposure, and crushed using
a knife mill. In order to obtain the ethyl acetate fraction of the bark/stem for the biosynthesis of palladium nanoparticles, the
crude ethanol extract of the bark/stem was subjected to solid-liquid partition using 70-230 mesh silica gel as stationary phase
and eluted with ethyl acetate (3.5 L). Then, the obtained extract was filtered and concentrated using a rotary evaporator under

reduced pressure.

2.2 Biosynthesis of magnetic core and coating by ZnO.

The biosynthesis of FesOa, used as the magnetic core for the catalyst, is described in detail by previously published
work (Jacinto et al., 2021). Summarizing, 600 mg of FeCls.6H,O and 2.00 g of urea were added to a Fisher-Porter reactor
followed by the addition of 15 ml of an aqueous solution containing the ethanolic bark extract (1.06 g.ml) of R. elaesocarpum.
The mixture was kept under magnetic stirring in the reactor, which was autoclaved and held at 150 °C for two hours. After the
solution was cooled down, the magnetic nanoparticles were collected using a Nd magnet, and the material was washed twice
with water/ethanol, to remove unreacted precursors, and dried at 70 °C for one hour using a vacum pump air. The coating of
the magnetic core (Fes04) by a mesoporous zinc oxide layer was carried out by a modified procedure described previously (da
Silva et al., 2018). In summary, 100 mg FesO4 was added to a 100 ml flask containing an aqueous solution of zinc acetate (5
g.I'h). Then, 5.00 g of urea and 2.00 g of CTAB (cetyltrimethylammonium bromide) were added to the flask, and the mixture
was kept under magnetic stirring (500 rpm) at 85 °C for eight hours. The material was then magnetically isolated, washed with

water and acetone and dried in a vacuum pump at 60 °C for one hour. The solid was labeled as Fe;0.@ZnO.

2.3 Biosynthesis of palladium nanoparticles
In this step, 700 mg of the ethyl acetate fraction solution from the bark/stem of R. elacocarpum (44.4 g.I"') was added
to a three-neck flask containing 29 mL of a palladium nitrate aqueous solution (0.6 mg.mL1). The mixture was placed under

magnetic stirring for eight hours at 70°C.

2.4 Deposition of Pd® nanoparticles in support
In this step, 400 mg of the Fes0.@ZnO support were added to the flask containing the as-synthesized Pd
nanoparticles. The mixture was kept under magnetic stirring for 24 hours, and then magnetically isolated, and washed twice

with water/ethanol and dried in a vacuum pump at 80 °C for one hour. The material was labeled Fe;0,@ZnO-Pd

2.5 Instruments

The composition profile of the ethyl acetate fraction of R. elaeocarpum was investigated by FTIR using a Shimadzu
Iraffinity-1 and by RMN using a BRUKER AscendTM Nuclear Magnetic Resonance spectrometers, 500 MHz for H and 125
MHz for 3C). The analysis of the composition and energy states of the surface of the material was carried out by X-ray
photoelectron spectroscopy (XPS), performed on a Thermo Scientific spectrometer which utilizes Aluminum K-alpha X-rays
(1486.6 eV). High resolution spectra for selected elements were obtained using a pass energy of 44 eV. In order to assess the
magnetization properties of the materials, room-temperature magnetization curves were measured using a commercial

vibrating sample magnetometer (ADE-Magnetics, model: EV9) with field range+2 T. Morphology and composition were
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analyzed by Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and X-ray
energy dispersive spectroscopy (EDS). These techniques were carried out using a FEI TECNAI F20 electron microscope
operating at 200 kV. For analysis of product reactions of oxidation and hydrogenation of cyclohexene, we use the Shimadzu
LC-20AT model, coupled to a Shimadzu SPD-MZ20A diode array detector. The chromatography method used was the
stationary phase: C-18 reverse phase, methanol-water mobile phase (70/30), isocratic elution mode with a flow of 1.0 mL/min,
column temperature of 40 °C, volume injection of 10 pL, and run time of 10 minutes. For hydrogenation analysis of 4-
nitrophenol we use UV-Vis spectrophotometer, KASUAKI® brand, in a wavelength range between 200-500 nm, with quartz

cuvettes of 1x1 cm as an optical medium.

2.6 Catalytic set-up

The catalytic tests were carried out in a modified Fischer-Porter reactor. For each batch, a target amount of
catalyst/substrate was added to the reactor vessel which was purged with vacuum and pressurized with either O, for the
oxidation reactions or H; for the hydrogenation experiments at the established temperature, pressure and reaction time. After
the selected reaction time, the catalyst was magnetically isolated using an Nd magnet (4000 G), and a liquid sample was
removed for analysis using a syringe. For the oxidation test, 1 mL of benzyl alcohol (BzOH) in solventless conditions was used
as a model substrate. In order to evaluate the course of the oxidation reaction, 5.0 ul aliquots were removed from each batch
and diluted in 50 mL of a methanol/water solution (70/30). The prepared samples were analyzed by HPLC-DAD device, and
peaks corresponding to BzOH at 210 nm and benzaldehyde reaction at 250 nm were monitored.

For the catalytic hydrogenation tests, cyclohexene, in solventless conditions, and an aqueous solution of 4-
Nitrophenol (13 mg.ml?) were used as substrates for the olefin and nitro compound hydrogenation, respectively. In order to
evaluate the cyclohexene reduction, 4.0 pl aliquots were removed from the solution and diluted in 25 ml of methanol p.a.
Substrate conversion to the saturated form was analyzed by monitoring the intensity of the cyclohexene peak at 230 nm. In
order to evaluate the conversion of 4-nitrophenol (4-NP) to 4-aminophenol by UV-VIS spectrophotometry, a liquid sample (15
ul) was withdrawn from the reactor at the established time and added to a 25 mL of ammonium hydroxide (pH = 11).

The catalytic efficiency was determined by the total turnonver number (TTON) and turnover frequency (TOF) which

were calculated by the equations:

Tox mols of substrate N
N= (eq.
mols of catalyst =

TON of 1° batch
TOF = (eq.2)
time reaction (h)

The number of mols of catalyst (Pd) was calculated using the mass percentage of Pd obtained by XRF (0.88 %).

3. Results and Discussion

FTIR and NMR were used to elucidate the composition of the ethyl acetate extract used in the fabrication of the
supported Pd nanoparticles. FTIR spectrum (Figure 1A) shows an absorption range between 3500-3000 cm™, commonly
associated with O-H stretching from molecules containing polyphenols, alcohols, and carboxylic groups (Ododo et al., 2016).
Besides, well-defined peaks are observed at wavelengths 1606 and 1061 cm™, which can be related to the presence of
unconjugated olefinic groups (C=C) and secondary alcohols (O-H), respectively. Other smaller peaks at 1445 and 1360 cm

are associated with cyclic methylene (CH-) and gem-dimethyl (-CH(CHs),) groups, respectively (Lépez-Salazar et al., 2019).
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Figure 1B exhibits the *H-NMR (500 MHz, Pyridine-d5) spectra profile of the ethyl acetate extract. The high-field region
between 64 0.67 to 2.77 corresponds to aliphatic hydrogen that are characteristic of a steroidal skeleton. The spectrum also
reveals signals at 6H 4,59 (1H), 4,44 (1H), 4,32 (2H), 4,09 (1H) e 4,00 (2H) that are typical of a glycosidic unit. This is
corroborated by the presence of a duplet at 3H 5,07 (d; J=7,5 Hz, 1H) that is attributed to H-1’from a glucose unit in beta
linkages (Munvera et al., 2021; Raimundo & Silva et al., 2020).

Figure 1. FTIR spectra (1A) and H*NMR (1B) of the ethyl acetate extract from Rhamnidium elagocarpum.
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From NMR 13C spectra (Figure 2A-C) it was possible to obtain the following signals [125 MHz, Pyridine-d 5 , §
(ppm)]: 37.9 (C-1), 30.7 (C-2), 78.5 (C-3), 39.8 (C-4), 141.3 (C-5), 122.3 (C-6), 32.6 (C-7), 32.5 (C-8), 50.8 (C-9), 37.4 (C-
10), 21.7 (C-11), 40.4 (C-12), 42.9 (C-13), 57.3 (C-14), 24.9 (C-15), 29.0 (C-16), 56.7 (C-17), 12.4 (C-18), 19.6 (C-19), 36.8
(C-20), 19.4 (C-21), 34.6 (C-22), 26.8 (C-23), 46.5 (C-24), 30.4 (C-25), 19.8 (C-26), 20.4 (C-27), 23.8 (C-28), 12.6 (C-29),
103.0 (C-17), 75.8 (C-27), 79.1 (C-37), 72.1 (C-4’), 78.9 (C-57), 63.3 (C-6’). The signals at 6C 141,3 (C5) e 122,3 (C-6) are
typical of double-bond carbons while the signals of carbonyl carbons from the glycosidic unit are found at 5C 63,3 (C-6), 78,9
(C-5%), 72,1 (C-4), 79,1 (C-3”), 75,8 (C-8’) and 103,0 (C-1") which can attributed to anomeric carbon (Ismaeel et al., 2020).
Based on the *H-NMR and 13C-NMR data discussed it can be inferred that the extract is composed primarily of a mixture of

steroids. These include the main component B-sitosterol and to a lesser extent Estigmasterol.

Figure 2. Expansion of the 13 C NMR observed for the ethyl acetate extract of Rhamnidium elaeocarpum, 2A (141.38 ppm —
72.18 ppm), 2B (63.32 ppm — 34.68 ppm), 2C (32.65 ppm — 12.44 ppm), inset of 2A: molecular structure of the main
component.
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Glycoside compounds are known to function as both the reducing agent of a nanoparticle precursor as well as the
stabilizing agent of metal nanoparticles. Recently, B-sitosterol glycolyzed has been reported in several screening studies for the
synthesis of Ag nanoparticles (Al-Nuairi et al., 2020; Ayaz Ahmed et al., 2014; Raj R et al., 2020). In addition, other saponins
bearing specific moieties have also been used as bioreducing agents in the synthesis of other metal nanoparticles. Gaikwad et
al., (2019) employed the extract of Acacia concinna willd (Fabaceae) in the reduction of palladium nanoparticle precursors and
found that the aqueous extract of the plant was mainly composed of terpenoid saponins with hydroxyl groups in their structure.
The extract was used in the bioreduction of Pd(OAc), for the manufacture of nanoparticles with an average diameter of 20 nm
(Gaikwad et al., 2019).

X-ray photoelectronic spectroscopy (XPS) is a suitable technique for identifying the elements present on the material
surface and their chemical states. The Survery XPS spectrum of the Fe;0.@ZnO-Pd catalyst is shown in 3A, from which it is

possible to identify Zn, O, C and Pd as the main elements related to the composition of the material. Surface palladium
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concentration obtained by XPS is ~0.43% and its peaks at 342.2 and 337.0 eV (Figure 3B) can be attributed to Pd 3d 32 and
Pd 3d 52 for Pd(0) (Cao et al., 2019). It is worth mentioning that metallic palladium (Pd®) has a characteristic binding energy
~340 and ~335 eV when supported freely on a metal oxide (Li et al., 2017; Peng et al., 2015). However, part of the metallic
palladium can be bonded to O atoms of the support, and such event can explain the observed energy shift (342.2 and 337.0
eV). This effect has been reported in previous studies on supported palladium nanoparticles, including ZnO@Pd (Moon et al.,
2010; Rajeswari and Gurumallesh Prabu, 2020). No Fe XPS peak was detected for this material, indicating that the magnetite
nanoparticles are well-covered by the ZnO coating. This can be explained in terms of surface sensitivity of about 10 nm of
XPS. Figure 3C shows the Zn2p spectrum and its binding energy peaks at 1045.3 and 1022.0 eV can be attributed to the 2p %
and 2p 372 oxidation states, respectively, and confirm the formation of ZnO (Khataee et al., 2014; Okte, 2014).

Figure 3. (A) survey XPS spectra, (B) Pd 3d, (C) Zn 2p, (D) C 1s and (E) O 1s spectra of Fe304@Zn0O-Pd.
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XPS C1s spectrum (Figure 3D) is deconvoluted into three peaks centered at 284.2, 285.8, and 288.0 eV. The peak at
284.2 eV is attributed to C-C sp? bond, whereas the remaining energies at 285.8 and 288.0 eV are assigned to carbon atoms
from carboxylic (O=C-C) and hydroxyl groups (C-0O), respectively (Odoom-Wubah et al., 2019). The presence of such organic
groups is related to the biosynthesis approach that makes use of plant extract that contain a variety of metabolites. The fact that
such organic moieties can still be detected after the subsequent washing of the catalyst indicates that the surface Pd
nanoparticles are anchored to these metabolites through a chemical bridge which suggests that these particles are highly
stabilized by the compounds of the ethyl acetate extract. Regarding the oxygen chemical states (Figure 3E), three distinct peaks
at 531.3, 532.4, and 533.9 eV could be observed (Figure 3E). In general, oxygen bound to Zn-O crystal structures has a
binding energy close to 530.0 eV. However, these binding energies can shift to higher values when a metal is anchored to the
surface of the ZnO crystal lattice. This energy shift is demonstrated by Okte in a study using lanthanide metals supported on
zinc oxide (Okte, 2014). Another study reported by Ligiang et al., on the deposition of palladium on the surface of Zn-O,
demonstrates the direct relationship in the increase in binding energy for O1s species (Ligiang et al., 2004). From what has
been discussed, the binding energy of 531.3 eV can be attributed to the Zn-O bond, while the peak at 532.0 eV is related to the
oxygen chemisorption property (Gupta et al., 2019). Finally, the binging energy at 533.9 eV is related to Pd-O bond (Kibis et
al., 2009) and it corroborates the energy shift, when compared to Pd(0) state, for the palladium spectrum (Figure 3B). For the
determination of morphological and compositional profile of Fes0.@Zn0O-Pd, the analysis of TEM and EDS were performed.
Figure 4A shows a typical TEM image in dark-field mode from which it is possible to identify bright magnetite nanocrystals
surrounded by an amorphous material that corresponds to ZnO. An enlarged micrograph of the material is also shown in Figure
4B, in which the compositional determination is carried out by EDS spectroscopy (Figure 4C) of the red box area of Figure 4B.
EDS analysis reveals the presence of Zn and Pd and confirms that the material was successfully fabricated. However, TEM
does not show a clear contrast between the Pd nanoparticles and the ZnO layer. This has been reported before for Pd-ZnO and
it is probably associated with the low atomic number contrast between Pd and Zn (Bankar et al., 2020; Barrios et al., 2015;
Cable and Schaak, 2007).
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Figure 4. TEM image of Fe;0,@Zn0-Pd (4A-B) and EDS analysis (4C) of selected area (red box from 4B).
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In order to better elucidate the morphology and composition of the Pd nanostructures, TEM micrographs of the
biosynthesized Pd nanoparticles were also obtained prior the immobilization step. Figure 5A shows a typical TEM image of
freshly prepared Pd nanoparticles of spherical shape. The size particle distribution in given in Figure 5B. The average particle

diameter was found to be 3.19 nm.
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Figure 5. TEM and EDS analyses for Pd nanoparticles. 5A- A TEM image of the biosynthesized Pd nanoparticles, 5B-
Histogram of the Pd particle size distribution. 5C_EDS analysis of 5A.
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Elemental composition obtained by EDS spectroscopy (Figure 5C) confirms the formation of Pd nanoparticles with an
optical absorption peak close to 2.8 keV (Cristoforetti et al., 2011). Chlorine and oxygen peaks are also present and can be
related to organic groups from the biological substrate. Figure 6 shows the magnetic behavior of Fes0,@Zn0O-Pd obtained by
VSM from which a Magnetization Saturation (Ms) of 26.8 emu g was obtained. The material responds rapidly to an applied
magnetic field and can be efficiently collected from liquid systems. It is also worth mentioning that the magnetization curve
has a S-like shape with negligible coercivity. These features are consistent with a superparamagnetic behavior and are of great

interest in the application of heterogeneous magnetic catalysts in liquid systems.
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Figure 6.VSM magnetization curve for Fes0,@Zn0O-Pd.
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The catalytic activity of the material was initially investigated in the green oxidation of benzyl alcohol using O as
oxidizing agent. The optimum conditions for an active catalyst are usually those that provide the best yield. The yield is given
by the product of the substrate conversion and selectivity to the target (benzaldehyde, in this study). Figure 7A shows the
benzaldehyde conversion and selectivity as a function of temperature for biosynthesized catalyst. Overall, the material exhibits
prominent catalytic activity towards the oxidation of benzyl alcohol, and the highest yield rate of 35.1% is achieved at 140 °C
with a conversion and selectivity of 79.6% and 44%, respectively. It can also be noted that as the temperature increase the
substrate conversion (benzyl alcohol) also increases but the selectivity towards the formation of benzaldehyde decreases. This
behavior has been reported before and can be explained considering the thermodynamics of the reaction (Galvanin et al.,
2018). The influence of O, pressure was also assessed, and as shown in Figure 7B increasing O2 pressure reduces the
selectivity of Benzaldehyde, going from 55.8% at 1 atm to 27.4% at 4 atm. On the other hand, the substrate conversion takes
the opposite directions and increases, at a lower rate, from 68.9% at 1 atm to 89.5 at 4 atm. The fall in selectivity for higher O,
pressure has to do with the shift of selectivity to the formation of benzoic acid as has been reported by Batista et al. The fact
that our catalyst shows an optimum selectivity at low O pressures and temperatures has a strong green chemistry aspect as the

use of mild temperatures and gas pressures increase energy efficiency and meet the green chemical requirement needs.
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Figure 7. Conversion and selectivity for benzyl alcohol oxidation to benzaldehyde and the effect of temperature (7A) and O,
pressure (7B). reaction conditions: 1 ml of BzOH; 20 mg of catalyst; T= 140 °C; t = 60 min.
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Next, the substrate/catalyst ratio was also evaluated. For this study, temperature and pressure conditions that provided
the highest yield were chosen. Figure 8A exhibits the results obtained when the amount of catalyst is increased. It is very clear
that by adding more catalyst to the reaction medium a decrease in selectivity is observed, and it drops from 65.2% to 36.9%
when the catalyst amount is increased from 10 to 40 mg. In the opposite direction, the conversion increases substantially when
a greater amount of catalyst is used ranging from 48.7% to 82.7% as the catalyst amount varies from 10 to 40 mg. In this

regard, the highest yield rate is attained using 20 mg of catalyst when 68.4% of conversion and 55.9% of selectivity to
benzaldehyde are found.
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Figure 8. (A) Catalyst concentration study, and (B) time dependence of activity of Fe;0.@Zn0O-Pd- reaction conditions: 1 ml
of BzOH; temperature 140 °C; 1 atm (O,), (C-D) GC-MS chromatograms and the corresponding mass spectra of the main
peaks after 20 and 40 minutes of reaction, respectively.

A T Conversion| B T Conversion
) so-{ [ Selectivity ) Bl Selectivity
—~ —=— Yield =~ 80 —a—Yield
fod — R
2 2
£ 3
F § o
8% :
o3 o3
g™ § «]
3 @
& 30 3
Q@ >
< §
8 20 4 O 20
10
04
10 20 30 40 s
Catalyst amount(mg) Time (min)
(AT VN E e o 1 fi6aoia0 |7
C) r | = » Benzaldehyde D) §
| Benzaldehyde
71 Benzyl
/ Alcohol
Benzyl
Alcohol
Benzyl Benzoic Benzyl
Benzoate ; Acid Sanmoite
\ ‘ i , | | g

T T
0 00 200 w0 100 200

Source: Research Data (2022).

Selectivity and conversion are usually time dependent and in order to investigate its influence on the oxidation rate,
several reactions with different time intervals were also carried out. Figure 8B exhibits the reaction how the selectivity and
conversion of the catalytic system change as the reaction time is increases by ten minutes for each successive reaction. The
highest yield (38.2 %) is achieved after 20 minutes when 71.3% of conversion and 53.5% of selectivity are observed. A GC-
MS analysis was carried out to investigate the chemical composition of the by-products at 20 and 40 minutes. As can be seen
in the chromatogram given in Figure 8C, benzaldehyde is the main product after 20 minutes of reaction. Moreover, there is a
small concentration of benzyl benzoate. When the reaction time is increased to 40 minutes (Figure 8D), traces of benzoic acid
are also identified but benzaldehyde is still detected as the main component. A catalyst recycling study was conducted in order
to determine the catalyst lifespan in the oxidation of benzyl alcohol. For this purpose, reaction parameters such as the
temperature, catalyst amount, O2 pressure and reaction time were chosen based on the optimization process described before,
seeking to ensure that the highest yield could be obtained. This step was also important to investigate the feasibility of catalyst
recovery by a magnetic field in the reaction medium. Figure 9 shows how yield, substrate conversion and selectivity to
benzaldehyde change depending on successive cycles until a partial catalyst deactivation become evident. After each reaction
run, the catalyst was magnetically collected in between batches by placing small Nd magnet (4000 G) on the reactor wall. The
liquid phase was removed and analyzed by HPLC. It is clear that the catalyst is highly stable throughout the oxidation of
benzyl alcohol in successive runs, and an average yield as high as 45.4% was obtained up to the 8™ cycle. Morevover, an

average conversion of 81.6% was observed for the first six runs. After the 10" run the conversion drops to 31.8% but the
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selectivity to benzaldehyde is still quite high. This behavior is linked to what was described before in the temperature/time

studies that clearly shows that an increase in conversion leads to a reduction in selectivity.

Figure 9. Catalyst recycling for_benzyl alcohol oxidation. Reaction conditions: 1 mL of BzOH; catalyst 20 mg; temperature

140 °C; 1 atm (O5); 60 min.
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Table 1 provides catalytic data for oxidation of benzyl alcohol of other palladium based catalysts in comparison to the
results obtained in this work. TOF as high as 13,686 h-1 at 140 °C was obtained for Fes0,@2Zn0O-Pd catalyst which is quite
competitive among similar reported Pd-based catalysts. However, when compared to Pd-catalysts based on bimetallic
structures such as Au-Pd, FesO,@Zn0O-Pd exhibits a lower TOF. The presence of a second metal such as gold tend to increase
the TOF as in the case of Pd/CeQ; catalyst (Table 1, entry 03). Overall, though, the yield found in this work for Fe;0,@ZnO-
Pd was only lower than Au-Pd/TiO.-rutile catalyst when compared to the data from table 1. Thus, it can be stated that the
green strategy for the biosynthesis of magnetic supported Pd nanoparticles shown here allows the production of an oxidation

catalyst whose efficiency and stability are comparable to those obtained by conventional methods.
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Table 1. Catalytic performance of Pd based catalysts.

1 | Fe30s@Zn0O-Pd 60,23 46,78 140 0,33 13 686 | This work
2 | Sol-Pd/LDH-Et 98,4 12,2 140 1 11 590 [41]
3 | Pd/Ce02 98,8 12,6 160 1 16 522 [42]
4 | Au-Pd/TiO5-rutile 74,9 48,8 120 3 18 809 [43]
5 | Au-Pd/TiOz 70,0 19,3 140 0,5 20480 [44]

Source: Data collected from references provided on Table 1.

The catalyst was also applied in the hydrogenation of alkenes and nitrocompounds, using cyclohexene and 4-
nitrophenol as model compounds. Hydrogenation experiments were carried out under environmentally friendly conditions
using molecular H; as the hydrogen source in mild temperature (75 °C) and pressure. Figure 10A shows how the reduction of
cyclohexene proceeds over time. After 30 minutes of reaction, 99% of cyclohexene is converted into cyclohexane, in
solventless conditions, which suggests that the catalyst exhibits a high activity for the reduction of this type of olefin. A similar
behavior is observed when Fe;0.@Zn0-Pd is employed to reduce a nitro group to an amine (Figure 10B), and after 30 minutes
of reaction at least 96% of 4-nitrophenol from the original solution is converted into 4-aminophenol. The recycling stability of
Fe;0,@2Zn0O-Pd in the hydrogenation of 4-nitrophenol and cyclohexene was also investigated. Under the conditions described
in Figure 9 C-D, a single sample of Fe3s0.@Zn0-Pd could be successfully reused for more than 16 times for the reduction of
cyclohexene, and an average conversion of 94% was obtained. As for the 4-nitrophenol hydrogenation, the catalyst could be
reused for 20 times (average conversion of 94%). Both materials were also rapidly recovered by magnetic separation using a

small Nd magnet in contact with the reactor glass wall.
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Figure 10. Catalytic hydrogenation over time for Cyclohexene (10A) and 4-Nitrophenol. (10B), and recycling study for

cyclohexene (10C) and 4-Nitrophenol (10D). Reaction conditions: catalyst 50 mg for cyclohexene reaction and 40 mg for 4-

NP; 75 °C; PH, 6 atm; 30 min.

1,0 4

08+
)
4

02+

0.0 4

o

00+

Time reaction (min)

Reaction time (min)

DR

AT
Lotetetedelete%teds

18

16

14

12

10

80 -
0
0

20 4

R SRS XL
DEa20% %0 %% 2% %0 e %a %% %% 202 24206260626 262 To 2o e
R A I R R T SR R R IR
BRI ERAEELER,

RSSO RER EETILS

X IHH I

(%) UoISIBAUOCD

R ERERRES

2 3 456 7 8 9 1011 12 13 14 15 16 17

1

Run

Run

Source: Research Data (2022).

When compared to other Pd catalytic systems the results for hydrogenation of nitrocompounds and olefins obtained in

the present study, using the biosynthesized magnetic Pd catalyst, are considered prominent. For comparison purposes, Table 2

exhibits catalytic data regarding efficiency and recycling of Pd catalysts published in the literature (note that experimental

conditions may vary). TOF as high as 9,519.8 h'! was found for cyclohexene hydrogenation using Fes04@ZnO-Pd, and this is

quite impressive when compared to conventional catalytic supports for hydrogenation reactions such as SiO (Table 2, entries

3 and 4). A similar conclusion can be drawn based on the catalytic data for the hydrogenation of 4-nitrophenol, and as far as

TOF is considered PA@CCTP (Table 2, entry 9) is the only catalyst whish shows a superior value. Regarding the total turnover

number (TTON), which is defined as the sum of the number of mols of substrate converted into products (until catalyst

deactivation) divided by the number of mols of catalyst, Fes0s@Zn0O-Pd exhibits a TTON of 73,934.9 and 1,659 for the
hydrogenation of cyclohexene and 4-nitrophenol, respectively. These results are remarkable when contrasted to other Pd

catalysts. Higher TOF and TTON can also be achieved when more drastic sources of H atoms are used such as NaBH4 (Table

2, entry 9). However, using Hz maximizes atom-use efficiency and does not generate waste which is a necessary step forward

in producing greener chemicals.
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Table 2. Catalytic performance of Pd based catalysts on the hydrogenation of cyclohexene and 4-nitrophenol.

Conv. ti TOF
# Catalyst Substrate '"(”?ﬁ';!“ Reuses Conditions (::i‘:} (hY) TON | TTON Refs.
1 [Fe;0s@Zn0-Pd cyclohexene | >99 17 6 atm (H2), 75°C | 30 | 9.519 |4.759|73.934|This work
Superparamagnetic
2 |nanoparticle-supported | cyclohexene | >99 20 6 atm (H2), 75°C | 13 |11.500| 2500 |50.000 [45]
palladium
3 |5i0z-ThiophPd(Il) cyclohexene | >99 10 10 atm (H2), 75 °C| 180 | 1.659 [4.976|49.760 [46]
4 |FFSINH,Pd cyclohexene | 100 | 10 | 6atm (Hz), 75°C | 36 | 8.000 |2.500|25.000| [47]
5 gegg“@PDA@POP@Pd' cyclohexene | 100 - 1latm (Hz), 25°C | 30 | 212 | - . [48]
. (]
6 |Fez0.@Zn0-Pd 4-Nitrophenol | >99 21 6 atm (H2), 75°C | 32 167 83 | 1.659 |This work
Fe;0s@PDA@POP@Pd- .
7 28539/“@ @roPe 4-Nitrophenol | 100 | 10 | 1atm(H), 25°C | 120 | 52 | 106 | 1.060 (48]
. (4]
8 |Pd@toluene@Co/C 4-Nitrophenol | >99 6 1 atm (Hz), 50°C | 60 100 | 98 | 588 [49]
9 |Pd@CCTP 4-Nitrophenol | >99 9 NaBHa, 50°C 7 883 555 | 4.995 [50]

Source: Data collected from references provided on Table 2.

4. Conclusion

The bark/stem extract of R. elaeocarpum species has been successfully employed as reducing/capping agents of Pd
nanoparticles. The biosynthetic protocol allowed the the synthesis of ~ 21.9 nm nanoparticles which were deposited on the
surface of the magnetic composite (Fes0.@Zn0). The superparamagnetic behavior of the material allowed it to be quickly
dispersed in liquid medium which is also fundamental for a heterogeneous catalyst in liquid systems containing the target
substrates. The catalyst was applied in the oxidation of alcohol and hydrogenation as nitrocompounds using, respectively,
benzyl alcohol and cyclohexene as model substrates. TOF as high as 13,686 h'* was achieved for the oxidation of benzyl
alcohol in solventless conditions. Not only is this result competitive with that of other Pd based catalysts, but it also stands out
among other bimetallic Pd-catalysts. During the recycling studies, it was observed that an average yield rate of 45.5% could be
achieved for the first eight runs, and an average conversion of 81.6% was also obtained for the first six cycles. The material
was also applied in the hydrogenation of 4-nitrophenol and cyclohexene, and a conversion higher than 96% was obtained after
30 minutes of reaction. For the catalyst recycling in the hydrogenation of 4-nitrophenol, an even higher recycling capability
was observed and on portion could be reused for 21 times (average conversion higher than 94%). FTIR and NMR analyses
showed that the biological extract s is mainly composed of B-sitosterol and Estigmasterol that can efficiently stabilize the Pd
nanoparticles. We believe that the methodology presented in this work adds important contribution towards the fabrication of

multifunctional hybrid materials combining biosynthesis and friendly synthetic methodologies.
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