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Abstract: Here, we report an efficient and highly selective oxidation of lignin model substrate using
phyto-mediated ZnFe2O4 nanoparticle using Boswellia carterii extract. The nanocatalyst with an
average size of 8 nm showed excellent photocatalytic activity of the synthesized carbonyl containing
products under visible light irradiation. The catalytic activity and selectivity towards oxidation
of vanillyl alcohol to vanillin with selectivity up to 99% at conversion over 98% and turn-over
frequency values up to 1600 h−1 were obtained in the presence of H2O2 and base. The cubic spinel
nano-ZnFe2O4 catalyst was characterized by powder-XRD, FESEM, HR-TEM and Mössbauer analysis.
The demonstrated catalyst was robust and stable under the reaction conditions. Furthermore, it was
easy to be separated from the reaction mixture and be reused for subsequent reactions up to 5 times
without signi�cant reactivity or selectivity loss.

Keywords: lignin; hydrogen peroxide; vanillyl alcohol; oxidation; nanoparticle; green catalyst;
selective; visible light

1. Introduction

The upsurge need of alternative sources for �ne chemicals take the burden off the dependency on
depleted traditional non-renewed sources and might have environmental bene�ts [1�3]. Valorization
of renewable lignocellulosic biomass has been considered as a critical step toward sustainability.
Lignin is an aromatic amorphous polymeric material that encompasses important classes of aromatic
compounds [4�6]. The valorization of lignin compounds by converting lignin into valuable �ne
chemicals and fuels has become an appealing approach. Previously, several strategies to produce
lignin derivatives, including pyrolysis, hydro processing and oxidation were reported [7�11].

In comparison to thermal and hydro processing strategies, which require high energy input,
oxidation strategies are gaining intensive attentions because they can be implemented under mild
and environmentally friendly conditions [11�25]. The oxidative depolymerization has been viewed
as a promising method for the conversion of lignin to small phenolic compounds such as vanillin,
syringaldehyde and p-hydroxybenzaldehyde [11�17]. Many homogeneous and heterogeneous catalysts
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have been used for the oxidation of both lignin and lignin model compounds. The studies were
performed in ionic liquids, acidic, alkaline or organic media. For example, vanillin was produced
from lignin in concentrated alkaline medium, under oxygen pressure, in the presence of a transition
metal [11]. Vanillyl alcohol (VAL) is considered a lignin model substrate that is particularly interesting
because it can be converted selectively into vanillin (4-hydroxy-3-methoxybenzaldehyde), which is one
of the few value-added chemicals commercially produced from lignin [12�18]. Vanillin along with its
derivatives have many applications in food, perfume and pharmaceutical industries [12�19].

The selective oxidation is one of the major transformations in organic chemistry. Replacement of
stoichiometric poisonous oxidants with catalytic systems employing air (i.e., oxygen) as a terminal
oxidant is an important goal in green chemistry [20]. Over the past few years, transition bimetallic and
trimetallic nano-particles (NPs) have been given increasing attention because they show higher
catalytic activities compared with monometallic NPs in many applications and reactions [21].
For example, ZnFe2O4 received great interest due to its wide applications in nanomaterial, adsorption,
photocatalysis and solar cells [22�28]. For instance, photochemical degradation of organic contaminants
using H2O2/UV has been widely studied, where the photodegradation efficiency depends on the
decomposition rate of H2O2 [29]. Many perovskite or spinel type complex oxides have been found to
have visible-light-driven photoactivity. The spinel ZnFe2O4 with a relatively narrow band gap of about
1.9 eV was used in the solar energy, photocatalysis and photochemical hydrogen production from
water due to its visible-light response, good photochemical stability and low cost [30]. As ZnFe2O4

particles are magnetic semiconductor materials [19,20], ZnFe2O4 based catalysts can be magnetically
separable in a suspension system by virtue of their own magnetic properties without tedious work-up
after the reaction. Therefore, the controlled synthesis of ZnFe2O4 nanomaterials with a desirable
morphology, structures and properties is still challenging. A phyto mediated synthesis of nanoparticles
have gained great attention lately as it opened new paths in different �elds, and implementation of its
usage as a reducing agent in the NPs preparation has been a very useful clean, ecofriendly and cost
effective preparation technique. In very close correlation with their content in bioactive molecules,
plant extracts have been successfully used to generate transition metal nanoparticles and iron-based
magnetic nanoparticles among these metals [31�34].

In the present investigation, ZnFe2O4 nanoparticles were synthesized by treating with a mixture
of metal acetate and iron chloride with the aqueous extract of Boswellia carterii resin. This extract is
dried gum resin of Boswellia carterii, which is one of 43 species in the genus Boswellia of the family
Burseraceae. Previous studies have shown that the boswellic acids and various other acids are isolated
from frankincense [35,36]. Here, we use the extract as a reducing agent to produce bimetallic ZnFe2O4

nanoparticles. The NPs were also used under visible light and H2O2 for selective oxidation of (VAL) into
vanillin under green environmentally friendly condition. Various analytic methods for characterization
of the synthesized ZnFe2O4 bimetallic nanoparticles (XRD, TGA, IR, SEM and HR-TEM) were applied
for the evaluation and the characterization of the phytosynthesized nanocatalyst.

2. Results and Discussion

Different studies stressed out that plant metabolites like polyphenols are natural reducing agents
and a capping agent used for metallic nanoparticles stabilization [37]. This effect was most emphasized
when different solvent extraction was used the quantities of polyphenols had a signi�cant variation.
Hence the effectiveness in the formation and stabilization of nanoparticles also varied. As a �rst step a
preliminary phytochemical screening of the analytic protocol was developed for Boswellia carterii resin.
The previous studies in phytochemical analysis revealed more abundant glycosides, saponins and
tannins, which match with previous studies regarding this plant [37]. Aqueous extract contains
saponins and tannins. The obtained GC-MS results are consistent with the literature data regarding
these plant extracts [37]. Upon the addition of the reducing agent (aqueous extract) a color change can
be rapidly observed. In the present study, we did speculate that various compounds such as boswellic
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acid might be able to generate and stabilize the ZnFe2O4 nanoparticles as it was found at a large extent
in the extract and can act as a reducing and capping agent in the process.

2.1. Structural Analysis

In the spinel structure with molecular formula MeFe2O4 (Me is a divalent ion), the metal ions
are distributed such that one ion per molecule occupies the tetrahedral (A) site, and two occupy
the octahedral (B) site. The A-B antiferromagnetic super exchange interactions between magnetic
ions at A and B sites is much stronger than the A-A and B-B interactions, resulting in two magnetic
sublattices, namely, the spin-down A and spin-up B sublattices [38,39]. Accordingly, the spinel is
generally a ferrimagnetic material with magnetization determined by the net magnetization of the
two sublattices (MB−MA), exhibiting ferromagnetic-like behavior. In the normal spinel structure, the
divalent Me2+ ion occupies tetrahedral spin-down sites, whereas the two trivalent Fe3+ ions occupy
the octahedral spin-up sites. In the inverse spinel structure, however, the Me2+ ion occupies the
octahedral site, and the Fe3+ ions are distributed equally between tetrahedral and octahedral sites.
In this case, the magnetic moments of Fe3+ ions at spin-up (B) and spin-down (A) sites cancel out,
and the net magnetic moment per molecule is completely determined by the magnetic moment of the
Me2+ ion. Normally, the Zn2+ ion demonstrates preference for tetrahedral sites [38], and therefore,
the Zn-ferrite is recognized as a normal spinel. In this case, there are no magnetic ions at the A sites
to align the magnetic moments in the B sublattice, and the compound behaves like a paramagnetic
material [38]. Consequently, the ZnFe2O4 normal spinel is expected to exhibit almost a linear increase
of the magnetization with the increase of the applied magnetic �eld intensity (H) in the range of this
study. However, if there is some degree of inversion in the spinel structure (where a fraction of the
Zn2+ ions occupies the octahedral sites and an equal fraction of Fe3+ ions is pushed into the tetrahedral
sites), then the super exchange interactions align the A and B sublattices, and the magnetization may
show a saturation behavior with the increase of H.

The X-ray diffraction pattern of the zinc iron ferrite (Figure 1) clearly revealed a major cubic
(fcc) spinel phase, whose re�ections are labeled by their respective Miller indices (hkl). In addition,
weak peaks corresponding to an impurity unidenti�ed phase are observed. The relation between the
d-spacing between atomic planes in the crystal lattice and the angular position (θ) of the diffraction
peak is described by Bragg’s law:

2d sinθ = λ (1)

where λ is the wavelength of the Cu-Kα radiation (=1.5406 ¯). For cubic crystals, the relation between
the d-spacing and the lattice constant (a) is given by the relation:

d =
a

√
h2 + k2 + l2

(2)

Accordingly, a plot of (λ/2)
√

h2 + k2 + l2 vs. sinθ should give a straight line passing through
the origin, and having a slope equal to the lattice constant (a). Figure 2 shows a perfect straight line
indicating the reliability of indexing the re�ections (Figure 1) in terms of a cubic spinel structure.
The lattice constant (a = 8.365 ± 0.010 ¯) was obtained from the slope of the linear �t to the experimental
data. This value is consistent with the reported values of 8.34�8.41 ¯ [40].

The structure and morphology of the synthesized nanoparticles are shown in the FESEM and
HRTEM images (Figures 3 and 4). The particle size distribution (Figure 3b) revealed an average particle
size of 8 ¯, whereas HRTEMs particle sizes were between 7.5 and 18 nm (Figure 4). The FT-IR spectrum
of the nano ZnFe2O4 exhibited a broad band at 3421 cm−1 associated with the stretching mode of
H2O molecules, indicating the presence of OH groups on the surface of nanoparticles. The band at
1637 cm−1 corresponded to the bending mode of H2O molecules. The absorption bands in the range
of 1000�400 cm−1 were assigned to metal-oxygen stretching vibrations of the ferrite spinel structure.
A strong band at 548 cm−1 was related to the Fe-O stretching vibration at the tetrahedral site.
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Figure 1. X-ray diffraction pattern of Zn-ferrite. 
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Figure 3. (a) FESEM images of the ZnFe2O4-NP and (b) particle size distribution with a Gaussian fit 𝑦 = 𝑦 + 𝑒  with = 7.51248 and R2 = 0.94765, where y0 = −0.37631 ± 2.24235, xc = 

7.64135 ± 0.1408, w = 2.56395 ± 0.43159, and A = 75.2894 ± 16.57784. 
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Figure 1. X-ray diffraction pattern of Zn-ferrite.
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Figure 3. (a) FESEM images of the ZnFe2O4-NP and (b) particle size distribution with a Gaussian
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2
with Chi2

DoF = 7.51248 and R2 = 0.94765, where y0 = −0.37631 ± 2.24235,

xc = 7.64135 ± 0.1408, w = 2.56395 ± 0.43159, and A = 75.2894 ± 16.57784.
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Figure 4. HRTEM images of the nanoparticles.

2.2. Magnetization

The initial magnetization curve and the magnetic hysteresis loop of the ferrite are shown in
Figure 5. As clearly seen in Figure 5a, the magnetization increased sharply with the increase of �eld
intensity (H) in the low �eld range, and then tended to saturate at high �elds. This behavior is
characteristic of a soft magnetic material. The narrow hysteresis loop in Figure 5b revealed a low
coercivity (Hc), con�rming the soft magnetic character of the sample. The ferromagnetic behavior with
an approach to saturation in the high �eld range indicates some degree of inversion in the ZnFe2O4

spinel. The saturation magnetization (Ms) was obtained from a plot of M vs. 1/H in the high �eld range
by extrapolating to 1/H = 0. Following the analysis in Mahmood’s study [41], the slope of the straight
line was used to determine the lower limit (Ds) of the particle diameter in the sample. Additionally,
the upper limit of the particle diameter (Dl) was determined from the initial magnetic susceptibility
using the analysis provided in the same reference. The evaluated quantities in Table 1 indicate that the
magnetic particle diameter in the sample ranges between 7.4 and 13.5 nm. This range of particle size is
consistent with the typical range of diameters for superparamagnetic particles in spinel ferrites [40,42],
and with the results of FESEM and HRTEM analyses.
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Table 1. Magnetic parameters and range of particle diameters for the ZnFe2O4 sample.

Ms (emu/g) Hc (Oe) Ds (nm) D l (nm)

32.3 65 7.4 13.5

The Mössbauer spectrum of the Zn-ferrite (Figure 6) shows a paramagnetic doublet with
quadrupole splitting of 0.40 mm/s and a chemical isomer shift of 0.24 mm/s. The seemingly contradictory
results of the magnetic and Mössbauer measurements could be explained by the different time scales
of the two experimental techniques [43]. The fast relaxations of the magnetic moments of the
superparamagnetic particles at room temperature appear to Mössbauer spectroscopy as if the particles
have no net magnetic moment, resulting in a paramagnetic signal. However, in the magnetic
measurements, the applied �eld aligns the magnetic moments, resulting in a ferromagnetic-like
behavior. Similar ferromagnetic behavior in the magnetization measurements and paramagnetic
behavior in Mössbauer spectroscopy was recently reported for ferrites [40,44].

Figure 6. Mössbauer spectrum of Zn-ferrite.

2.3. Oxidation of Vanillyl Alcohol

We investigated the reactivity of ZnFe2O4-NP and its loading towards the oxidation of lignin
substrate model VAL alcohol. We also studied the effect of light intensity, base type and oxidant
amount. Initially, we tested the reactivity of ZnFe2O4-NP (2 mg) as a catalyst (Scheme 1) and H2O2 as
an oxidant in MeCN. This gave poor conversion with vanillin as a main product (12%, 20 h).

Scheme 1. Selective oxidation of vanillin with ZnFe2O4 nanoparticle catalysts.

After optimization, the catalyst showed a high reactivity with high selectivity toward vanillin.
Interestingly, until now no studies have used visible light induced photocatalysis of ZnFe2O4 in lignin
substrate model oxidation. Previously the VAL oxidation was studied as a lignin model substrate using
heterogeneous catalysis with a series of Pt and Pd immobilized on modi�ed carbon carriers (sibunit,
SKT-6 and SKT-4) on various metal oxides such as TiO2, SiO2 and MgO or metal organic framework
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(Table 2). Most of these catalysts converted VAL into vanillin with 24�69.6% Yield under basic or acidic
solutions, and through a simple regeneration technique the catalysts were reused for several times.

Table 2. Oxidation of VAL using a heterogeneous catalyst.

Entry Catalyst Experimental
Conditions Products Yield (%) References

1 Co3O4

413 K
0.689�4 MPa

H2O
7 h

Vanillic acid 69.6
[45]

Vanillin and others 9.4

2
Mn-Co

(mixed oxide)

433 K
2.1 MPa
MeCN

4 h

Vanillin 60
[18]

Vanillic acid and others 24

3 Mn2O3

433 K
2.1 MPa
MeCN

2 h

Vanillin 54
[18]

Vanillic acid and others 18.4

4
1% Pd
Sibunit

353 K
NaOH/H2O

1 h
Vanillin 34.8 [46]

5
2.3% Pt
MgO

353 K
NaOH/H2O

1 h
Vanillin 48 [46]

6
CoTiO4
H2O2

298 K
MeOH

CH3COOH
6 h

Vanillic acid 31
[47]

Vanillin 68

7

ZnFe2O4
Visible light

H2O2

298 K
TBAOH
MeCN

2 h

Vanillin 99 This work

2.3.1. The Effect of the Oxidant (H2O2) Amount

Increasing the oxidant amount as 2.5 equivalent of H2O2 in isopropyl alcohol as a solvent, the
yield was increased to be 83% of corresponding aldehyde (Figure 7). In the absence of a catalyst and
using hydrogen peroxide, 25% yield was obtained with a lack of selectivity. As blank experiments for
catalysis, ZnO and Fe2O3 oxides gave moderate yields.

Figure 7. Reactivity of ZnFe2O4-NP in the presence of the different oxidant (H2O2) amounts and
compared to blank experiments (ZnO and Fe2O3) and no oxidant.
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2.3.2. The Effect of Light Intensity and Type on the Photocatalytic Oxidation of VAL Alcohol

We tested the photocatalytic oxidation of VAL alcohol by using a UV-light source and three visible
light intensities (LED visible light). The used LED light was identical in the type of light (IKEA,
RYET/TR¯DFRI white light) with the difference in the luminous and power being: 3 watt (200 lm),
5 watt (400 lm) and 7 watt (600 lm). As for the UV-light source, it was Philips TUV 6W G6 T5 UVC
UltraViolet Sterilizer Lamp Tube UV.

The results were compared to the reaction in the dark (Figure 8). Upon UV light irradiation, the
alcohol conversion was excellent, but the reaction was not selective with respect to aldehyde formation;
the selectivity was 67% toward vanillin. Using an LED visible light source, the photocatalytic oxidation
was enhanced by increasing the light intensity. For instance, increasing the visible light intensity
enhanced the reaction to produce 74% of vanillin, which was more than four times that was obtained in
the absence of light. Visible light illumination of the NP catalyst clearly enhanced the oxidation process.

Figure 8. Optimization with respect to light intensity.

The effect of light type and intensity is expected because the photons excite valence electrons
and bring them to the conduction band; therefore, increasing the light intensity enhances the catalytic
reactivity of the ZnFe2O4 nanoparticles [48�55]. Not only does the intensity of the radiation in�uence
the oxidation rate of photocatalytic activity, but also the wavelength of irradiated light is one of the
main factors of the system’s efficiency [56]. In our case, the reaction took place in acetonitrile solvent
(CH3CN); and hence, the interaction of acetonitrile with the surface was previously demonstrated
by its quenching of luminescence from band gap energy levels via nitrogen [18]. The formation of
active oxygen species, particularly superoxide radicals, was proposed to be a key channel leading
to aldehyde formation. Nevertheless, the possibility of the acetonitrile playing an active role in the
reaction mechanism cannot be ruled out as acetonitrile has been previously reported to promote the
formation of active radical species [51�55]. Furthermore, oxygen peroxide species were found to be
responsible for alcohol oxidation, for example, ZnFe2O4 produced 17% of the vanillin in the dark as a
result of the high activity of catalyst particles.

The possibility of dry acetonitrile playing an active role in the reaction mechanism cannot be
ruled out as acetonitrile has been previously reported to promote the formation of active radical
species [48�50]. Moreover, photogenerated electrons in the conduction band reduced the dissolved
oxygen species and peroxide species; resulting in superoxide ions. Such superoxide ions have an
oxidation potential to generate (OH) radicals from H2O and hydroxyl ions. The reactive OH radicals
can oxidize alcohol into aldehyde. Correspondingly, similar mechanism could explain the increasing
conversions with increasing hydroxide ion concentration in the reaction. A further detailed study
regarding this catalyst mechanism is ongoing.
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2.3.3. Effect of ZnFe2O4-NPs Loading

When the ZnFe2O4-NP loading was decreased from 10 to 5 mg (i.e., 0.34�0.08 mmol), the reaction
rate was slowed down to be 45% conversion and 99% selectivity to vanillin (Figure 9). When the
ZnFe2O4-NP loading was increased from 10 to 20 mg (i.e., 0.34�0.05 mmol), the reactivity remained the
same but the selectivity to aldehyde was reduced signi�cantly. Product formation was not observed in
the absence of the catalyst, which were blank experiments (Figure 7).

Figure 9. The effect of the ZnFe2O4-NP catalyst loading in toluene oxidation.

2.3.4. Effect of the Base

Next, according to previous reports the addition of a base is required to oxidize alcohol to
aldehyde [12�19]. In a control experiment when the substrate (VAL) was oxidized with no base added
to the reaction, only 15% conversion with no selectivity to vanillin was observed. Hence, we decided to
study the effect of base by adding 2 equiv. of various bases in a 180 min reaction (Figure 10). The most
affected increase of conversion from 35 to 99% was achieved by using tetra butyl ammonium hydroxide
(TBAOH) salt as a base with selectivity to vanillin up to 99%, showing that the additional base prevents
undesired side reactions. In particular, the reaction reached a high turn-over frequency (TOF) value
of 1600 h−1 after 60 min with 2 equiv. of TBAOH added. After having the optimization condition in
hands we tested these conditions for the oxidation of another lignin substrate models veratryl alcohol
and p-anisinic alcohol, and to our delight we obtained the aldehyde product selectively with 89�95%
yields (Table 3 entry 2 and 3).

Figure 10. Effect of base type. 0.4 mol% ZnFe2O4 using different bases. Reaction conditions: 1 mmol
vanillyl alcohol, 2.0 equivalent H2O2, rt, MeCN, base 2 equiv. and 2 h reaction time.
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Table 3. Oxidation of other lignin substrate models.

Entry Substrate Yield (Ald. Selectivity) (%) 1

1 Vanillyl alcohol 99 (99)

2 Veratryl alcohol 95 (99)

3 p-anisinic alcohol 89 (95)
1 Reaction conditions: 1 mmol alcohol, 2.0 equivalent H2O2, rt, MeCN, TBAOH 2 equiv. and 2 h reaction time. Yield
was isolated yield.

Previously, it was reported that vanillin undergoes autocatalytic oxidation via radical
mechanisms [56], which were suppressed by employing high concentrations of alkali in the production
of vanillin by oxidative cleavage of lignin [7,8,57]. Furthermore, deprotonation of the phenolic hydroxyl
and delocalization of the negative charge hinders further oxidation of the aldehyde to the acid [57].

2.4. Recyclability

It was evident that this catalyst could be reused two times without activity loss (Figure 11a).
After the �fth time, the catalyst weight loss was about 15 wt % and the conversion/selectivity was
within 60% and 80%. The drop in the reactivity was possibly due to change in morphology in the
nanoparticles and leaching the metals as shown in Figure 11b. Recyclability is an important feature of
heterogeneous catalysis [58,59].

Figure 11. (a) Recyclability test of the ZnFe2O4-NP catalyst where VN is vanillin and VC is vanillic
acid and (b) SEM image of the ZnFe2O4-NP catalyst after the 5th cycle.

3. Materials and Methods

3.1. Chemicals, Solvents and Starting Materials

Iron (III) chloride anhydrous, zinc acetate and all solvents were purchased from Sigma-Aldrich and
used as received except acetonitril (MeCN) was dried under molecular sieves. The structural analysis
of MFe2O4 nanoferrites were con�rmed by powder X-ray diffraction (P-XRD, Cu-K� radiation, nickel
�lter, 40 kV, 30 mA and range 4�600, (SHIMADZU XRD-7000, Japan)), scanning electron microscope
(SEM (JEOL 6400 and FEI QUANTA 200, Japan)), infrared (RX-FTIR, KBr discs, 4000�300 cm−1,
(Perkin Elmer, USA)) and gas chromatography (GC�MS, FID detector, RTx-5ms capillary column
(30 m × 0.25 mm), 350 ◦C, (Saturn 2200, Varian Inc., LabX, Canada)).

Ultra high purity helium (99.999%) was used as a carrier gas at a constant �ow rate of 1.0 mL/min.
The injection, transfer line and ion source temperatures were 270 ◦C, 240 ◦C and 240 ◦C, respectively.
The injected sample volume was 1 mL, with a split ratio of 50:1. The oven temperature was increased
from 60 ◦C to the �nal temperature of 240 ◦C at a rate of 3 ◦C/min.
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3.2. Preparation of Plant Extract

The Boswellia carterii resin material were washed to remove the adhering particles, and 20 g of plant
segments was ground using a mortar and pestle, and the mixture was boiled in a 250 mL Erlenmeyer
�ask with 200 mL water for 2 h. The aqueous extract was �ltered and evaluated for the synthesis of
nanoparticles. The unknown compounds were identi�ed by comparing the spectra obtained with
mass spectrum libraries (NIST 2011 v.2.3 and Wiley, 9th edition).

3.3. Synthesis of Bimetallic ZnFe2O4 Nanoparticles and Charaterization

The aqueous extract was treated with a mixture of 1 mM Zn acetate Zn(CH3CO2).H2O, and 1
mM iron (III) chloride (1:1 v/v). The initial synthesis was monitored with a change in color of the
reaction mixture into dark brown. The reaction was stirred for 1 hand afterward the pH of the mixture
was adjusted to 10�12 using NaOH solution. The product was centrifuged, the solid was isolated,
oven dried at 80 ◦C for 4 h and then washed with water to obtain the neutral solution. The crystalline
nature of bimetallic nanoparticles was studied using XRD analysis. The bimetallic nanoparticles were
centrifuged, and later adequate amount of sample was coated onto the XRD grid.

3.4. Mössbauer Spectroscopy

Mössbauer samples were prepared as a thin circular layer of the system powder pressed gently
between two Te�on disks with a diameter 2 cm, which is small compared with the distance between the
source and the sample in order to avoid angular broadening of the spectrum. 57Fe Mössbauer spectra
were recorded using a standard constant acceleration Mössbauer spectrometer over 1024 channels with
a 57Co/Rh source. The spectra were then calibrated using iron metal spectrum at room temperature
and the experimental spectra were �tted using routines based on the least squares analysis.

3.5. Photocatalytic Reaction

The prepared ZnFe2O4 NPs were used in the oxidation of VAL. A 1 mmol of vanillyl alcohol,
(0.0107 mmol, 10 mg) of the magnetic ZnFe2O4-NP, 2 mmol of TBAOH and H2O2 (2 mmol) were added
to a round bottom �ask under magnetic stirring at room temperature in the dark (Scheme 1). Then the
solution was irradiated by a visible light source using a 10 W LED lamp. Before starting the illumination,
the reaction mixture was stirred for 30 min in the dark in order to reach the adsorption�desorption
equilibrium between the dye and the catalyst. After adding 0.5 mL of 30% H2O2 to the above reaction
mixture, the lamp was turned on. At a given time interval of irradiation, the catalyst was removed by
a magnet, and the samples were taken to the analysis. The samples were analyzed by GC�MS and then
the con�rmation of the products was done by 1H-NMR and 13C-NMR and compared to commercially
available chemicals.

Conversion efficiency of VAL to VN was determined as follows [46,60,61]:

• Conversion (%) (CVN) = (VN/Total VAL) × 100%;
• Selectivity (%) (S) = (An interested product (mol)/Consumed VAL (mol) × 100%;
• Yield (%) (YVN) = conversion × selectivity = (VN produced (mol)/Total VAL (mol)) × 100%.

Turn-over frequencies (TOFs) per surface atom were calculated according to:

TOF =
n substrate ∗C

n ZnFe2O4 ∗D ZnFe2O4 ∗ t
(3)

where n substrate is the number of moles of the substrate, C is conversion, n ZnFe2O4 is the number of
moles of NP, D ZnFe2O4 is the dispersion and t is the time.
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3.6. Experimental Procedure for Reusing of the Catalyst

The ZnFe2O4-NP were recycled and reused with the same reaction conditions. The recycle
procedure was as follows:

• Removed the NP from the reaction by using a magnet;
• Washing the NP two times with 1:1 nano water and ethanol;
• Drying the NP in the oven.

4. Conclusions

In this study, we synthesized the phyto-mediated NP of ZnFe2O4 using Boswellia carterii extract.
The NP IR spectroscopy, Mössbauer spectroscopy, FESEM and HRTEM studies and magnetic
measurements were used. The powder XRD indicated a cubic spinel ferrite with an average diameter
of 8 nm as indicated by the FESEM results. The material showed excellent catalytic activity towards
valorization of lignin with high activity and selectivity. The oxidation of vanillyl alcohol to vanillin
with selectivity up to 99% at a conversion over 98% and turn-over frequency values up to 1600 h−1

were obtained in the presence of H2O2 and base. The amount and nature of the added base had a
signi�cant effect on the reactivity.

Compared to conventional protocols, the advantages of this protocol presented in this study are:
(1) high potential catalysis for vanillyl alcohol oxidation, (2) robust production of desired vanillin,
(3) green and environmentally friendly conditions and (4) green and sustainable catalyst preparation,
(5) unique magnetic nature of the NP of ZnFe2O4 and (5) catalyst selectivity in the oxidative reaction of
lignin substrates models to produce more valuable products.
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