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Abstract: Here, we report a visible light-induced-trimetallic catalyst (Cug5ZngsFe,Oy) prepared
through green synthesis using Tilia plant extract. These nanomaterials were characterized for struc-
tural and morphological studies using powder x-ray diffraction (P-XRD), scanning electron mi-
croscopy (SEM) and thermogravimetric analysis (TGA). The spinel crystalline material was ~34 nm.
In benign reaction conditions, the prepared photocatalyst oxidized various benzylic alcohols with
excellent yield and selectivity toward aldehyde with 99% and 98%; respectively. Aromatic and
aliphatic alcohols (such as furfuryl alcohol and 1-octanol) were photo-catalytically oxidized using
Cug5Zng 5Fe;Oy, LED light, HyO; as oxidant, 2 h reaction time and ambient temperature. The advan-
tages of the catalyst were found in terms of reduced catalyst loading, activating catalyst using visible
light in mild conditions, high conversion of the starting material and the recyclability up to 5 times
without loss of the selectivity. Thus, our study offers a potential pathway for the photocatalytic
nanomaterial, which will contribute to the advancement of photocatalysis studies.
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1. Introduction

The high demand to use renewable energy sources is required to reduce the depen-
dency on fossil fuels and the possibility to reduce emissions in the atmosphere. Therefore,
solar energy can be a good renewable alternative to fossil fuels. In recent years, nano semi-
conductor photocatalysis, as a “green” technology, has been widely used for conducting
various applications. Outstanding stability, good photostability, nontoxicity and low price
make spinel iron oxide the photocatalyst of choice for environmental remediation [1-4].
It is known that the UV region occupies only ~4% of the entire solar spectrum, while
45% of the energy belongs to visible light [5]. Therefore, developing efficient visible-light
photocatalysts for environmental remediation has become an active research area in pho-
tocatalysis research [6-12]. In the photoelectric conversion process, the most important
reaction involves hydroxyl ions on the semiconductor surface reacting with the holes,
forming hydroxyl radicals (-OH), which is the main cause of the photocatalytic activity. The
hydroxyl radical is a powerful, non-selective oxidant that can rapidly oxidize many organic
compounds [13]. Many perovskite- or spinel-type complex oxides have been found to
have selective visible-light-driven photoactivity using peroxides as oxidant. Among them,
ferrites have also received considerable attention as magnetic nanoparticles (MNPs) with
diverse applications metal oxides (e.g., Fe;Os, ZnFe,O4, NiC0pO4, MnFe,O4 and BiFeOs),
as it may show visible light photocatalytic alternative [14-19].

Trimetallic iron-based oxides possess attractive properties and widespread applica-
tions [20]. One of the essential applications of trimetallic NPs is catalysis [21-24]. The
catalyst efficiency surges exponentially by increasing the number of coordination sites
through a significant increase in the surface/volume ratio of NPs. Glucose oxidation
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produces gluconic acid under mild conditions catalyzed by Ag/Au/Pd NPs [24]. The
cyclization reaction between diazodicarbonyl compounds and oxalyl chloride was carried
out through green AuFeAg catalyst to afford «,3- or (3, 3-dichloroenones [25]. Moreover,
large-scale sensitive and selective organic transformations achieved using trimetallic NPs
in various forms such as core/shell [23], alloys [24] and layer-by-layer [25].

The catalytic activity can be dependent on preparation methods, as it affects the
morphology and physiochemical properties of the material. Therefore, several methods
have been applied in preparation of multi-metallic NPs. Among the known methods,
electrochemical synthesis, chemical and hydrothermal synthesis, coprecipitation, sol-gel,
mechanical alloying and solvothermal technologies are main techniques utilized [26,27].
Here we use coprecipitation technique using a plant extract as a reducing agent instead
of unnecessary reagents. Generally, natural product extracts obtained from bio-renewable
sources have a great potential as reducing, stabilizing material as it contains polyphenolic,
glycoside and flavonoid compounds. Furthermore, the waxy material in plant extract can
help in preventing the aggregation of powder nanoparticles, thus it can be applied for the
greener production of mono- and multi-metallic NPs [28,29].

Oxidation of benzyl alcohol to produce the must-need industrial intermediate ben-
zaldehyde is a crucial process in the industry. Within the aldehyde family, benzaldehyde is
an essential building block for many industrial products [30]. The attractive interest of ben-
zyl alcohol and benzaldehyde in the research area is noticeable as increase of preparation
protocols for benzaldehydes production in the last decade, as well its applications. The
heterogeneous catalytic oxidation of aryl or alkyl alcohol to supply various worthy chemi-
cals such as aldehydes or carboxylic acids has been endorsed beneficial over homogenous
catalytic techniques due to their recoverable fashion and the help of eco-friendly conditions
like the use of HyO; or O, as mild oxidants [31-34].

Herein, we report a trimetallic iron oxide-based NPs, as green and affordable catalyst
using phyto mediated extract (Telia) in preparation of Cug 5Zng5Fe;O4 that was applied as
a photo-induced oxidation catalyst of benzyl alcohols and aliphatic alcohols. As shown in
Scheme 1, benzyl alcohol oxidation is presented, exploiting mild reaction conditions. The
characterization of the synthesized nanoparticles has been carried out in detail, employing
the Rietveld refinement method using XRD data, SEM and TGA images.

OH O
=

Cuy 520, 5E€,0,
H,0,/ 60W

Scheme 1. Benzyl alcohol oxidation by using trimetallic Cu-Zn-Fe NPs in Acetonitrile.

To study the oxidation catalytic activity of Magnetic nanoparticles (MNP), benzyl
alcohol was used as substrate model to optimize the reaction conditions. The present study
has been extended to various alcohol substates to explore the possibilities of expanding
the application of the catalyst, which shows a promising reactivity and applications. The
novelty of the present work lies in the preparation of this magnetic trimetallic nanoparticles
in a very simple, cheaper, eco-friendly coprecipitation synthesis process of nano particles,
which can be used as a LED photo induced catalyst for oxidation of alcohols to obtain
selectively aldehyde products.
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2. Results and Discussion
2.1. Trimetallic Nanoparticles

The XRD patterns for the Cug5ZngsFeO, sample are shown in Figure 1. The XRD
spectra for the samples with the diffraction peaks that appeared at 26 values of 30.00, 35.40,
43.31, 50.41, 56.94 and 62.53 were assigned to the (220) (311) (400) (511) (440) and (550)
planes, which was found to be in good agreement with ZnFe;O4 (PDF no. 01-089-1009) and
Fe304 (PDF no. 01-088-0866). The signals consistent with the (220), (311), (400), (511), (440)
and (533) reflect the spinel crystal structure of CuFe;O4 (PDF no.00-025-0283). These results
show the successful loading of the cubic Cugs5Zng 5 Fe,O4 spinel ferrites structures JCPDS:
JCPDS: 00-051-0386. The lattice constant and crystallite size of the nanoparticles have been
deliberated from the most conspicuous peak (311) using the Scherrer formula %. The X-ray
diffraction nanoparticles reveal that Cug5ZngsFe;O4 NPs possess a single-phase major
cubic (fcc) spinel. The experimentally perceived d arrangement values and proportional
strengths agree with those described in the records.
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Figure 1. XRD patterns with Rietveld refinement the Cug 5Zng 5sFe,O4 sample.

The crystallite size (D) of each sample was calculated using the Stokes—Wilson

Equation (1) [35,36]
A

D pr—
Bccost
where A is the X-ray wavelength, 6 is the Bragg’s angle of diffraction in degrees and S,
is the integral breadth of the diffraction peak corrected for the instrumental broadening.
The diffraction peak used for the determination of the crystallite size was fitted with
the relation:

)

A

Here A is the peak area and I is the maximum intensity. The most intense peak (311)
at 20 = 35.6° was fitted to provide information regarding crystallite size in the direction
perpendicular to the corresponding crystallographic plane. In addition, the size of spinel
phase was determined with different crystallographic directions using the (220) reflection
at 26 = 30.0° and the (400) reflection at 43.04°; thus, the crystalline spinel Cug5Zng5Fe;,Oy4
size was 34 nm.

The morphology of the prepared CuZeFeO,4 nanoparticles is explored by SEM image,
as shown in Figure 2. The average particle size of the particles is ~31.2 nm.
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Figure 2. (a) FESEM images of the Cug5Zng5Fe;O4-NP; and (b) particle size distribution with a
Gaussian fit average particle size (nm) = 31.2135 % 0.23159.

2.2. TGA

Thermal stability of Cug5Zng 5Fe;O4-NP was investigated by thermogravimetric anal-
ysis Figure 3. A gradual weight loss of 14 wt% was observed from 50-250 °C, owing to the
reduction of water and CO, molecules [37]. In addition, the second drop of weight (12 wt%)
at 250450 °C can be attributed to the degradation of -OH ion from organic moieties of
plant extract residues and decomposition of inorganic salts, which has two degradation
mechanism involves both intermolecular and intramolecular transfer reactions [38]. The
final loss of 11% occurred at 500-600 °C due to the formation of pure corresponding metal
oxide. Notably, above 700 °C no weight loss was observed, which indicates the formation
of Cu0.5Zn0.5Fe204-NP.

TG /%

100
95 4
90 -
85 4
80
75 4

70

65 4 Residual Mass: 62.79% (798.6 °C) m

100 200 300 400 500 600 700 800
Temperature /°C

Figure 3. The thermogravimetric analysis (TGA) of the prepared nanoparticles.

2.3. Benzyl Alcohol Oxidation

The optimization of the catalytic reaction has been tested using benzyl alcohol as
a model substrate, and the solvent effect is shown in Table 1. When using a different
solvent, the reactivity changes drastically. To our delight, Acetonitrile has given the higher
conversion for oxidizing benzyl alcohol (BA) into the anticipated aldehyde rather than
isopropanol, while acetone and water have afforded a negligible amount of benzaldehyde.
The high conversion of BA using acetonitrile can be explained via the formation of active
radical species in the reaction media [39-41].



Catalysts 2022, 12, 611

50f11

Table 1. Effect of solvents on the oxidation of benzyl alcohol.

Entry Solvent Yield * %
1 Acetonitrile 74
2 Isopropanol 67
3 Aceton 7
4 Water 2

* Benzaldehyde yield was analyzed using 'H-NMR and UV-vis using internal standard. Reaction condition:
benzyl alcohol = 0.1 mmol, catalyst = 15 mg, H,O, = 250 mg, solvent 2 mL, light power 60 Watt, reaction time 4 h,
temperature 25 °C.

In terms of optimizing reaction conditions, the influences of catalyst load amount,
H,0O,, on the BA substate have been shown in (Table 2). The blank experiments in entries
1 and 6 prove the need for catalyst and the oxidizing agent to produce an acceptable
percentage of benzaldehyde. Excellent conversion (99%) of BA was obtained when the
amount of catalyst load was 10-20 mg. Therefore, we used 10 mg of the catalyst to reduce
the catalytic waste. Similarly, the HyO, amount was optimized and 350 pL has provided the
best targeted conversion into benzaldehyde. The role of the peroxide can be explained that
the photo-induced electrons in the conduction band would dissolve oxygen and peroxide
species which form peroxy and OH radicals intermediates. The reactive OH radicals species
can oxidize alcohol into aldehyde.

Table 2. Quantitative optimization of Cu-Zn-Fe and oxidant amount.

Entry Cu-Zn-Fe (mg) H,0; (uL) Yield * %
1 0 350 1
2 7 350 95
3 10 350 99
4 15 350 99
5 20 350 89
6 10 0 9
7 10 250 54
8 10 350 99
9 10 500 99

* Benzaldehyde yield. Reaction condition: benzyl alcohol = 0.1 mmol, catalyst Cug5Zng5Fe;O4, ACN 2 mL, light
power 60 Watt, reaction time 3 h, temperature 25 °C.

The effects of reaction time on the photocatalytic transformation of BA have been
illustrated in Figure 4. The reaction was carried out up to 180 min, using the optimized
conditions. In general, the oxidation rate of benzyl alcohol increased significantly when the
reaction time raised for the first hour. The reaction ended up with a 99% yield in 120 min.
This result shows that the catalyst is highly active in such conditions.

The catalytic performance is demonstrated by the four different illumination power
from the LED source with an intensity of 7, 30, 60 and 120 W/ cm?2, while the other conditions
are set carefully at optimum conversion previous results. The reaction substrates included
10 mg of Cug5Zng5Fe;O4 catalyst, 1 mmol of benzyl alcohol, 350 mg of H,O, and 2 mL
of acetonitrile. With increasing illumination power by 23 W, the oxidation rate of benzyl
alcohol surges dramatically to produce the highest yield 93%, while obviously the best
conversion appears under 60 watt light power (Table 3).

Aliphatic and aromatic alcohol derivatives were chosen to explore the selective ox-
idation of various alcohol derivatives by Cug5ZngsFe;Oy4 catalyst under the optimized
conditions (Table 4). To our delight, the catalyst has shown a good to excellent reactivity
toward both aliphatic and aromatic alcohols. Apparently, aromatic alcohols have shown
high reactivity entries 1-4. The substituted benzylic alcohols have shown no effect on
the obtained yield, while cinnamyl alcohol and the influence of allylic bond led to lower
reactivity than the other aromatic substrates. This allows us to apply the catalyst to a lignin
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substrate model such as furfuryl alcohol, and indeed the catalyst has excellent yield and
selectivity.
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Figure 4. Effects of reaction time on the conversion of benzyl alcohol.

Table 3. Benzyl alcohol oxidation with different light power.

Entry Light Power (W) Yield * %
1 7 30.0
2 30 93.0
3 60 99
4 120 99

* Benzaldehyde yield. Reaction condition: (benzyl alcohol = 0.1 mmol, catalyst = 10 mg, Solvent ACN =2 mL,
H,0O; = 350 mg), reaction time 2 h, Temperature 25 °C.

Table 4. Alcohol derivatives on the selective oxidation of benzyl alcohol.

Entry Substrate Alcohol Aldehyde Yield * %

1 1-0ctanol NN ONNX NN NN 292

2 2-Octanol )\/\/\/ M 34.5
\ /

0]

o

U \J 7
4 Cinnamyl "o ~ o N 61.4
alcohol :

OMe OMe

HO o~

5 benzyl alcohol 99
OMe OMe
HO o/
6 Benzyl alcohol 99

* Benzaldehyde yield. Reaction condition: (alcohol = 0.1 mmol, catalyst = 10 mg, Solvent ACN = 2 mL,
H,O, =350 puL, light power 60 Watt, reaction time 2 h, Temperature 25 °C.

Furfuryl H
alcohol

3,4-dimethyl
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When comparing our results to previously reported results, several studies conveyed
to prepare adequate metallic catalysts to achieve this transformation, when most of them
either use expensive metals like Pd, Pt and Rh [42—44] or electrical sources [45], while
the reaction conditions depend on intense light power between 150 to 450 W, or high
temperature 80 to 120 °C in both natural and synthetic sources. In addition, the percentage
yield of benzaldehyde varies widely from around 28 to 99, shown in Table 5.

Table 5. A comparison studies using di- and trimetallic NPs as catalyst to oxidize alcohols.

Source Metallic NPs Reaction Conditions Conversion %  Selectivity %  Ref.
Synthatic Au-Pd/O-CNTs 2 h, 120 °C, Solvent free 28.3 96 [42]
Synthatic Au@Ag/BiOCI-OV 1 h, Xenon 300 W, CH3CN 92 99 [43]
Synthatic Trimetallic PtPbBi Electrical - - [44]
Synthatic 2.5% Au + 2.5% Pd/TiO,DP2 140 °C, 10 bar O, 84 40 [45]
Synthatic Pd/H;TizO; Nanowires Haloggrl (1:50 w, 49.5 76 [46]
Synthatic TiO, LED 450 W, 36 h, O, 99 99 [47]

Nature . °

(Cacurmen Platycladi) Au—Pd/TiO, 6h,90°C, O, 74.2 98 [48]

Nature o

(Oak fruit bark) Pd NPs 12 h, 80 °C, K,COs3 95 - [49]
This work (Tilia) Trimetallic Cu-Zn-Fe 2h, LED 60 W, H,O, 99 99

2.4. Recyclability

The stability of the prepared materials when exposed to consecutive reaction cycles
was tested. Therefore, we examine the recyclability by using benzyl alcohol as a substrate
in the presence of 10 mg of the catalyst.

The catalyst was reused up to four successive runs without drastic loss in activity. The
catalyst was washed with water/ethanol solution and oven dried pre-use for oxidation of
benzyl alcohol (Figure 5). Interestingly, after the 5th run, the weight loss of the catalyst
was 28 wt% using gravimetric assay. The drop in the reactivity can be due to the slight
deactivation of the catalyst via leaching some of the metals in the nanoparticles, or poising
the catalyst surface of unwanted reaction products. After the fifth cycle, the conversion
dropped slightly without any loss of selectivity.

100
90
80
70
60
50
40
30
20
10

Yield[%]

LTI I AT,

1 2 3 4 5 6

Cycle number

Figure 5. Recyclability test of Cug5Zng 5Fe;O4-NP catalyst. The weight loss of catalyst after 5th runs
was 28 wt%.
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3. Experimental
3.1. Materials

The solvents used were purchased from sigma-Aldrich (Taufkirchen, Germany).
FeSO4-7H,0, Zn(OAc);-2H,0 CuSO4-5H,0 and alcohols used were purchased from Sigma-
Aldrich with 99.95% purity, and used as received. Tilia leaves extract was collected from
a cultivated area in Amman, Jordan, during the flowering period in early spring of 2021.
Sodium chloride (NaCl), acetic acid, sodium hydroxide and distilled water were used for
all experiments. The crystallographic structure of MFe;O4 nano-ferrites was determined
from the Powder X-ray diffraction (P-XRD, mnochromatic Cu-K« radiation, nickel filter,
40 kV, 30 mA using Shimadzu XRD-7000, Japan) pattern, while the particle morphology
and size distribution was determined with the aid of electron microscopy imaging (SEM,
JOEL 6400 and FEI QUANTA 200, Japan).

3.2. Copper-Zinc Ferrite Cug5ZngsFe;Oq NP Synthesis

The trimetallic ferrite nanoparticles were synthesized using an aqueous extract of Telia,
as described previously [27]. Briefly, 1.12 g of FeSO4.7H,0O and 0.48 g of Zn(OAC),.2H,0
and 0.48 g CuSO4-5H,O were dispersed in 20 mL distilled water for 1 h at room temperature
under stirring, in order to obtain the homogeneous solution. A 50 mL of the aqueous plant
extract was drop-wise added to the solution, and the mixture was stirred for 1 h and later
the pH was controlled to obtain pH 10-12. The homogenous solution was then centrifuged,
and the obtained solid products were collected and washed with distilled water and ethanol
several times. Finally, the samples were dried in a vacuum oven at 60 °C for 6 h, and later
calcinated at 1000 °C.

3.3. Characterization

The morphology and crystallinity of the synthesized Cug5Zng 5Fe;O4 nanoparticles
were determined via field emission scanning electron microscopy (SEM, FESEM JEOL
JSM-6380) and (XRD, X'pert diffractometer using CuK « radiation), respectively. All mea-
surements were performed at room temperature (25 & 2 °C). Thermogravimetric analysis
was accomplished using the System Setaram Setsys 12 TGA instrument (Setaram Instru-

mentation, Caluire, France), by heating the sample up to 800 °C at a rate of 10 °C-min~!.

3.4. Photocatalytic Oxidation of Benzyl Alcohol to Benzaldehyde

To a stirred solution of 2 mL of acetonitrile containing 0.1 mmol benzyl alcohol,
15 mg of the prepared catalyst and 350 puL of HyO, was added drop wise pre-irradiation.
Subsequently, the suspension was irradiated by a 60 W LED, and the reaction was monitored
by the absorbance using UV-vis for each sample.

3.5. Product Analysis

When the reaction ended, the magnetic catalyst was removed by applying an exter-
nal magnet and the product was extracted by column chromatography and analyzed by
'H-NMR and compared to the commercially available chemicals. The conversion percent-
age of benzyl alcohol was calculated by using the following Equation (3)

Conversion (%) = [(Cyp — C;)/Cp] x 100% 3)

where Cj is the initial concentration of benzyl alcohol and C; and C; are the concentrations
of benzyl alcohol and benzaldehyde, respectively.

3.6. Experimental Procedure for the Reuse of the Catalyst

The reaction was applied for benzyl alcohol oxidation in a 1.0 mmol scale. Keeping
reaction conditions constant, except using the recycled CugsZngsFe,O4 catalyst rather
than fresh catalyst, the reaction was monitored. When the reaction ended, the catalyst was
removed using an external magnet and the product was analyzed by either 'H-NMR or
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UV-Vis. The catalyst was collected and washed with water/ethanol (5 mL) three times
and oven dried pre-reuse. The dried catalyst was applied for further catalytic cycle up to
5 times without any severe loss of reactivity.

4. Conclusions

In this study, we synthesized phyto-mediated trimetallic Np of Cug5Zng5Fe;O4 using
a Telia extract. The NP catalyst was characterized by powder XRD, FESEM and TGA studies.
The XRD indicated a spinel ferrite with average crystalline diameter ~34 nm and average
particle size of 31.2 nm by the SEM. The trimetallic nanoparticles has great potential to act
as a visible light photocatalyst using LED light for the oxidation of benzylic and aliphatic
alcohols selectively to aldehyde, with high selectivity and reactivity under benign reaction
conditions using 10 mg of catalyst, 3 equivalent H,O,, 60 W light and 2 h reaction time.
Later, the catalyst was compared to previous works, and it shows a promising reactivity.
The novelty of this study lies in the preparation of the magnetic trimetallic nanoparticles in
a very simple, cheap and eco-friendly coprecipitation synthesis process of nano particles,
which offers a potential pathway for photocatalytic oxidation reaction.
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