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A heterogeneous acid catalyst was synthesized by anchoring 12-tungstophosphoric acid (HPW) onto bio-
char derived from Brazil nut shells (Bertholletia excelsa). This catalyst was used for the synthesis of vanillin
from isoeugenol, employing hydrogen peroxide in acetonitrile solvent. The HPW-functionalized biocata-
lyst was prepared using a sonication method, which avoids the need for toxic and corrosive solvents, effec-
tively incorporating tungsten at a mass proportion of 25%. Characterization of the catalysts utilized various

Kweywordsi' o techniques, including X-ray diffraction, Fourier-transform infrared spectroscopy, scanning electron micro-
Biss;zrva orization scopy with energy-dispersive X-ray spectroscopy, and ultraviolet-visible spectroscopy. 30HPW/CC(200-

2) exhibited high selectivity for vanillin (55%) with a significant conversion rate (69%). Over four cycles,

selectivity and conversion remained consistently above 56% and 45%, respectively. The results presented

in this study have the potential to promote a more sustainable vanillin production process, a valuable

additive in the food and perfume industries, renowned for its high economic value.

© 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Vanillin is a widely employed flavoring agent utilized across
multiple industries, including medicine, pharmaceuticals, food,
beverages, and perfumery, for the purpose of masking undesirable
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odors or flavors. It finds common application in the manufacturing
of ice cream, confectionery items, sweets, chocolates, and various
other products. Notably, despite an annual demand of 12,000 tons,
the production from natural sources only yields 1800 tons (Martau
et al., 2021).

Vanillin can be prepared from eugenol (4-allyl-2-
methoxyphenol) or isoeugenol [2-methoxy-4-(prop-1-en-1-yl)
phenol] (Adilina et al., 2012). One approach to produce vanillin
involves the catalytic oxidation of isoeugenol using hydrogen per-
oxide. However, this process usually necessitates the use of the
costly and hazardous catalyst, methyltrioxorhenium (Gusevskaya
et al.,, 2012). Hence, there is a need for alternative catalysts.

Molybdenum and tungsten oxides have shown promise as cat-
alysts for the production of a wide range of fine chemicals due to

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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their acidic properties (Ma and Dai, 2011). In certain instances,
these catalytic species are supported by activated carbons (Petit
et al. 2009; Alcaniz-Monge et al., 2013).

In recent years, the use of biomass-derived catalysts in chemical
transformation processes has seen a substantial rise. This trend is
attributed to the advantages it offers, including reduced energy
consumption, streamlined operations, improved economics, and
enhanced environmental sustainability (Lokman et al., 2016;
Tamborini et al., 2019), As a result, a large proportion of residual
biomass that would have otherwise been left to naturally decom-
pose is now being utilized for the production of alternative sustain-
able catalysts (Araujo et al., 2019; Bastos et al., 2020; Corréa et al.,
2020; Costa et al., 2022; Mares et al., 2020).

Recently, several studies have investigated the use of natural
plant residues from the Amazon rainforest for the production of
activated carbon (Almeida et al., 2021; Mendonga et al., 2019;
Queiroz et al., 2020; Reis et al., 2019). The aim of these studies is
to develop catalysts based on residual biomass that can serve as
adsorbents (Freitas et al.,, 2019; Rahman et al., 2019; Spagnoli
et al,, 2017), catalysts (Mares et al., 2020; Mendongca et al., 2019)
and catalytic supports (Almeida et al., 2021). These efforts are jus-
tified not only by the recycling aspects of waste but also by the
advantages of utilizing a renewable source, thereby mitigating sig-
nificant adverse environmental impacts.

Most waste and biomass feedstocks generally lack intrinsic
value. Nevertheless, pyrolysis is a commonly employed process
to derive products such as biofuels and biochar, which possess a
wide range of applications including their use in heterogeneous
catalysis (Costa et al., 2022; da Costa et al., 2022). Porous
materials-based catalysts including biochar are relevant systems
used in various processes due to their low cost and wide availabil-
ity. They also facilitate the impregnation of substances that would
otherwise be homogeneous in free form (Ma et al., 2013) The uti-
lization of biochar in heterogeneous catalysis reduces the require-
ment for expensive commercial catalysts (Lokman et al., 2016;
Tamborini et al., 2019).
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Various examples of biochar-based catalysts employed in
esterification reactions (Araujo et al., 2019; Corréa et al., 2020) and
transesterification reactions (Bastos et al., 2020; Mares et al., 2020)
are available in literature. Thus, there are feasible alternatives to
agro-industrial biomass residues, such as acai seeds (Araujo et al.,
2019; Mares et al., 2020), cupuagu seeds (Mendonga et al., 2019),
murumuru seed husk (Bastos et al., 2020; Corréa et al., 2020), passion
fruit peel (Almeidaetal.,2021), sugarcane bagasse (Naziretal.,2021),
cocoa shell (Mendaros et al., 2020), palm residue (Alhothali et al.,
2021), and orange skin (Lathiya et al., 2018). These reports demon-
strate the viability of utilizing alternative biomass for catalyst syn-
thesis, addressing both technical and economic considerations and
offering successful case studies in various applications. Among the
alternative biomasses mentioned, Brazil nut emerges as a relevant
residual biomass with catalytic potential. It represents a non-
timber forest product that is abundantly distributed in the Amazon
rainforest (Souza et al., 2021). The Brazil nut tree (Bertholletia excelsa
H.B.K.) yields seeds recognized as Brazil nuts and stands as one of the
largest trees within the Amazon rainforest (refer to Fig. 1). Legal pro-
tection, such as Law 4771, prohibits the logging of this tree. The Brazil
nut fruit, often referred to as the hedgehog (see Fig. 1A), comprises
approximately 20 triangular-shaped seeds enveloped by a woody
shell (integument), with the edible almond inside. In conventional
commercial extraction processes, approximately 90% of waste is typ-
ically generated (Andrade et al., 2017).

The Brazil nut industry stands as one of the primary economic
activities in the Amazon region, supporting several businesses and
significantly contributes to the livelihoods of numerous individuals
owing to the high value associated with this industry (Melo et al.,
2015). Brazil produced 32,900 tons of Brazil nuts in 2019 (“IBGE”,
2019). Processing one ton of Brazil nut kernels generates 1.4 tons
(70-90%) of waste, which is typically disposed of in an inappropriate
manner (Dos Anjos et al., 2017; Nogueira et al., 2014).

The use of Brazil nut residues to produce biochar is of utmost
importance as this product can add value to a significant propor-
tion of the material that is inappropriately disposed of in the envi-

Fig. 1. Brazil nut tree, including the A) hedgehog, B) hedgehog with chestnuts, C) almond, and D) husks.
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ronment. There have been few studies reported on the reuse of
these residues for the production of activated carbon (Melo et al.,
2015; Souza et al., 2021). Among the limited studies conducted,
none have addressed the oxidation of isoeugenol using biochar
from Brazil nut byproducts. Therefore, we aim to expand the liter-
ature on the production of biochar using residual Brazil nut bio-
mass. We modified the biomass with 12-tungstophosphoric acid
(HPW) through sonication without acid treatment to obtain cata-
lysts in a sustainable and economically viable way. We report the
first synthesis of a highly active catalyst for the isoeugenol oxida-
tion reaction and evaluate its reusability.

2. Experimental section

The Brazil nut shells (fresh and collected at the Ver-O-Peso mar-
ket) were washed with running water, then dried in an 80 °C oven
for 8 h. Next, they were ground in a knife mill, passed through a
1 mm sieve, and calcined in a tubular furnace under the following
conditions: 600 °C for 30 min, with a heating rate of 10 °C min~!
and a nitrogen flow rate of 50 mL min~! (Ferreira and Foletto,
2016). To prepare the catalyst, 1 g of biochar was added to a beaker
and 50 mL of distilled water was added. The beaker was placed in
an ultrasonic bath for 2 h. Next, 0.56 g of 12-phosphotungstic acid
(Sigma-Aldrich), which was equivalent to 30% by mass of tungsten,
was added (Yu et al., 2018), and the contents were stirred for 1 h.
The solution was dried in an oven at 110 °C for 12 h and calcined in
a muffle furnace at 200 °C for 2 h. The resulting sample was labeled
as 30HPW/CC(200-2).

Isoeugenol (0.8 mL) was mixed with H,0, (ratio 1:10) and ace-
tonitrile (ratio 1:32) in a round-bottom flask. 6% of the catalyst was
subsequently added to the mixture. The system was continuously
stirred and heated to 80 °C for 60 min. After the reaction, the cat-
alyst was recovered by centrifugation and washed three times with
acetonitrile to remove any residues (Franco et al., 2017a).

3. Results and discussion
3.1. Characterization of the catalyst 30HPW/CC(200-2)

The FTIR spectrum of the biochar is depicted in Fig. 2, displaying
functional groups associated with the three components of the bio-
mass. The band within the 3200 to 2750 cm™' range corresponds
to aliphatic C—H stretching, while stretching vibrations within
the 1600 to 1800 cm™! range are attributed to C=C vibrations in
aromatics and olefins, with the C=C vibrations being centered
around 1750 cm~'. The set of bands extending from 1000 to
1500 cm™! is related to C—OH stretches and flexion modes of alco-
holic, phenolic, and carboxylic groups. Bands within the 800 to
500 cm ! range correspond to out-of-plane aromatic C—H vibra-
tions, as reported in the literature. (Apaydin-Varol and Piitiin,
2012). In addition, the symmetrical stretching band of the C—0
group, which is present in cellulose, hemicellulose, and lignin,
appears at approximately 1250 cm™'.

The Keggin anion, PW;,03g, present on the surface of the bio-
char serves as a model for this type of heteropoly acid. This anion
is composed of a PO, tetrahedron surrounded by four W30;3
groups made up of octahedra, as previously described in the liter-
ature. (Almeida et al., 2021; Caliman et al., 2005). The FTIR analysis
of the catalyst (Fig. 2) was conducted to confirm the presence of
tungsten on the biochar surface. The spectrum shows four oxygen
bands for this compound, ranging from 700 to 1200 cm™'. The
characteristic bands for PO (1080 cm™!), W=0 (983 cm™!), W—0
and C—W (898 cm™ '), and W—0—W (797 cm™!) are observed in
the spectrum, confirming the presence of tungsten on the biochar
surface (Almeida et al., 2021).
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Fig. 2. FTIR spectra of the biochar, HPW, and catalyst.

X-ray diffraction (XRD) patterns of the biochar produced from
Brazil nut bark (Fig. 3) show a typical pattern of amorphous car-
bonaceous material, with no peaks related to crystalline phases
due to the thermal treatment at 600 °C. This result confirms that
the material can serve as a catalyst support without requiring
any chemical treatment.

The XRD pattern (Fig. 3) also shows that the material impreg-
nated with HPW (catalyst) generated reflections characteristic of
the WO; phase as the most abundant phase, followed by Ca
(WO)4, and a third phase containing phosphorus and tungsten
(Almeida et al., 2021). The characteristic HPW peaks appear at
20 = 10.3°, 25.3°, and 34.6°, which are consistent with the peak
positions in the XRD pattern of the catalyst sample analyzed in this
work. The intense characteristic peaks of HPW in the range of 10° <
20 < 50° in the pattern of the biochar supporting 30% HPW content
confirm the effective impregnation, which is also supported by the
energy-dispersive X-ray spectroscopy (EDS) analysis results shown
in Fig. 4. These findings were in good agrément with previous
reports (Almeida et al., 2021).

The production of carbon material from waste, coupled with
subsequent surface modification, could represent a promising
and appealing new application. The quantity and type of surface
acidic sites i.e. tungsten are crucial factors influencing the suitabil-
ity of such carbon materials (Goncalves et al., 2015). Fig. 3 illus-
trates the incorporation of HPW in the biochar, and the total
elemental content was characterized using EDS (Figs. 4 and 5)
and UV-Vis spectrophotometry (Fig. 6).

3.2. Energy dispersive X-ray spectroscopy (EDS)

The chemical composition of the materials was determined via
EDS analysis. The results indicated a higher carbon content in both
the biochar (Fig. 4) and the catalyst (Fig. 5), which can be attribu-
ted to the pyrolysis process (Bastos et al., 2020; Corréa et al., 2020).
The analysis of the biochar shows that more than 82% of the carbon
content is from the pyrolysis process (Fig. 4), which is expected.
However, the 30HPW/CC(200-2) sample (referring to 30% HPW,
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Fig. 4. Biochar EDS analysis results.

chestnut charcoal, 200 °C calcination, and 2-hour ultrasonic bath)
has a tungsten content of 28.63% after impregnation (Fig. 5),
demonstrating efficient incorporation of tungsten species in the
biochar. The increase in oxygen content of the biochar after
impregnation (from 13.53% to 16.60%) is another indication of
HPW (H3PW;5040) incorporation into the biochar’s structure
(Almeida et al., 2021). The analyses detected not only carbon but
also other elements, including Na, K, Mg, Ca, P, Cu, and Sr, although

carbon was the most abundant element. The dispersion of all ele-
ments was excellent with no clusters observed, as demonstrated
by EDS analysis (Figs. 10 and 11). The actual tungsten content in
this catalyst was found to be 28.63% by mass, which is close to
the theoretical value of 30% relative to the mass of biochar. This
similarity strongly indicates that the preparation and calcination
conditions did not affect the adsorption of HPW onto the surface
of the biochar. Although the actual loading amount of HPW
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Fig. 6. A) Quantification of HPW loss using UV-Vis spectrophotometry, and B) the calibration curve used to determine the leaching of catalysts containing supported HPW.

(28.63%) is smaller than the theoretical amount, the solid is still
referred to by its nominal composition.

UV-Vis spectrophotometric analysis of the ethanol-washed
supernatant obtained from the modified sample (30HPW/CC
(200-2)) provided information on the quantity of HPW that was
not incorporated into the biochar (Fig. 6).

HPW content in matrices was determined by subtracting the
amount of HPW measured in the supernatant using UV-vis spec-
trophotometry from the initial amount of HPW added (Oliveira
et al., 2019b; Pezzotta et al., 2018). Based on results presented in
Fig. 6, 30HPW/CC(200-2) experienced a partial loss of approxi-
mately 33.83 mg of HPW, indicating that 6% of the initially incor-
porated HPW was leached out. This finding is consistent with the
EDS analysis results shown in Fig. 5.

EDS and UV-Vis results mentioned above confirm that not all of
the HPW species in the initial synthesis solution were attached to
the biochar structure. This has been observed in previous studies as
well (Alsalme et al., 2008; Oliveira et al., 2019b; Pezzotta et al.,
2018; Pires et al., 2014). As for the EDS analysis, the results are con-
sistent with those of the FTIR and XRD analyses, confirming the
incorporation of HPW into the biochar structure. The EDS mapping
images of the biochar and catalyst are shown in Figs. 4 and 5,
respectively.

3.3. Scanning electron microscopy (SEM)

SEM was employed to analyze the surface morphology of the
Brazil nutshell biochar. SEM images (Fig. 7A and B) depict an
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Fig. 7. SEM micrographs of the biochar at A) 500 x and B) 2000 x magnification and the catalyst at C) 500 x and D) 2000 x magnification.

irregular yet uniform surface structure characterized by pore cav-
ities and a distinct porous pattern, a typical attribute of charred
organic waste (Corréa et al., 2020). During the pyrolysis process
of lignocellulosic materials, volatile compounds are emitted and
interact with the biomass, leading to surface melting and the cre-
ation of vesicles or bubbles (Conz et al., 2015). Fig. 7C and D illus-
trate the catalyst’s images, showing a heterogeneous surface
structure, along with an irregular surface morphology with a
well-developed elongated pore structure (Linhares et al., 2016).

3.4. Catalytic tests of isoeugenol oxidation

The selective oxidation of isoeugenol to vanillin using hydrogen
peroxide as oxidizing agent (Fig. 8) was employed as test reaction
for the synthesized catalysts. Vanillin is produced from isoeugenol
by oxidative cleavage of the C=C bond to C—C, followed by cleav-
age to the aldehyde (Franco et al., 20173, 2019; Garcia-Albar et al.,
2021). The objective of these experiments was to evaluate the effi-
ciency of the catalyst in the reaction to produce vanillin, as shown
in Figure S7.

In order to evaluate the selective oxidation of isoeugenol to
vanillin using hydrogen peroxide as an oxidizing agent, the reac-
tion was monitored and analyzed by gas chromatography (GC) to
quantify and identify the vanillin and other compounds produced

during the reactions. Nevertheless, it is worth noting that the
oxidative conditions involving peroxide employed in this study
may inadvertently lead to the formation of undesired products
through side reactions (Garcia-Albar et al. 2021). GC analysis of
the product mixtures identified four primary compounds: (a)
vanillin, (b) vanillyl methyl ketone, (c) eugenol, and (d) methyl

CH,CN + H,0,
30HPW/CC(200-2)

¢
(&

Vanillin
Isoeugenol

@ cavon:

Fig. 8. Oxidation reaction of isoeugenol to vanillin.

Label: ‘Oxygen: © Hydrogen.
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3-hydroxy-4-methoxyphenylacetate, as illustrated in Fig. 9. The
chromatographic profiles of the reactions were additionally
assessed and depicted in Figures S1-S4.

Blank runs conducted in the absence of a catalyst demonstrated
nearly negligible conversion (<10%). Surprisingly, a notable selec-
tivity toward vanillyl methyl ketone (>54%) was observed
(Fig. 10), highlighting the significance of this compound in the
reaction mechanism, consistent with findings reported in previous
studies (FILICIOTTO et al., 2021). The use of unmodified biochar
exhibited a low conversion of isoeugenol (<16%) and low selectiv-
ity toward \wvanillin (<20%) and methyl 3-hydroxy-4-
methoxyphenylacetate (<21%) compared to the selectivity toward
vanillyl methyl ketone (28%) as the main products. Therefore, it
can be inferred that the catalytic activity is mainly due to HPW.
A control experiment was also conducted with HPW in an amount
close to 27 mg (referring to the actual charge impregnated in the
biochar used in each reaction), resulting in high conversion
(>73%) of isoeugenol and high selectivity (>35%) toward vanillin
(Fig. 10).

Both pure HPW and 30HPW/CC(200-2) achieved nearly com-
plete conversion of the starting material. Although the selectivity
of both catalysts was comparable in terms of starting-material con-
version, the 30HPW/CC(200-2) catalyst demonstrated superior

/
catalyst, CH;CN
o 80°C, 35% H,0,
OH
Isoeugenol

Arabian Journal of Chemistry 16 (2023) 105313

selectivity (<54%) (Fig. 10). This outcome could be attributed to a
“trapping” effect of HPW and isoeugenol within the pores of
30HPW/CC(200-2), resulting in reduced levels of side products,
consistent with findings reported in prior studies (Franco et al,,
2017; Garcia-Albar et al. 2021; Marquez-medina et al., 2018). Con-
sequently, the utilization of either pure HPW or 30HPW/CC(200-2)
led to substantial conversions within the system, underscoring the
role of HPW as the active catalytic phase.

The results obtained in this study after a 60-minute reaction
closely resemble those reported by Franco et al. Franco et al.
(2017), who used a Nb/AI-SBA-15 catalyst in the oxidation of iso-
eugenol under optimized conditions (69% conversion, 66% vanillin
selectivity in 2 h of reaction at 90 °C). Bohre et al. (Bohre et al,,
2017) demonstrated that the CuO,(20)/rGO catalyst supported on
reduced graphene oxide is efficient in oxidizing isoeugenol with
high conversion (87%) and vanillin yield (53%) under mild reaction
conditions (50 °C). However, to reduce the formation of byprod-
ucts, the system needed to operate under 4 bar O, for 24 h.

3.5. Mechanism

Previous studies reported that the oxidation of isoeugenol to
vanillin in similar systems proceeds with the participation of

S5
" ?

(C)

Fig. 9. Main oxidation products of isoeugenol: (A) vanillin, (B) vanillyl methyl ketone,(C) eugenol, and (D) methyl(3-hydroxy-4-methoxyphenyl).
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Fig. 10. A: Isoeugenol conversion values for blank and catalyst-assisted reactions; B: Product selectivity. Reaction conditions: 0.8 mL isoeugenol, 1.2 mL H,0,, 7 mL
acetonitrile, 0.05 g catalyst, 80 °C, 1-hour reaction time. All reactions were conducted in triplicate to minimize potential errors.
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Scheme 1. Proposed radical mechanism of the conversion of isoeugenol to vanillin. (). Adapted from Filiciotto et al., 2021

hydroxyl radicals. (Filiciotto et al., 2021; Gusevskaya et al., 2012).
Transition metals can generally catalyze via oxometal, decompos-
ing hydrogen peroxide (H,0,) hydroxyl radicals (at the same time
increasing the oxidation state of the metal), which then coordi-
nates with the reactive molecule (substrate) (Filiciotto et al.,
2021). In this sense, the oxygenation of isoeugenol into vanillin
also proceeds with the participation of hydroxyl radicals, making
the reaction efficient under the action of W on the biochar surface.
With the substrate (isoeugenol) adsorbed on the active sites on the
surface of the catalyst, it is attacked by the hydroxyl radical (I)
(Scheme 1). The step of interaction between hydroxyl radicals
and isoeugenol leads to the formation of the intermediate radical
that readily reacts with hydroxyl radical and forms vanillyl methyl
ketone (II) which reacts with another hydroxyl radical to form
methyl(3-hydroxy-4-methoxyphenyl (III). If this latter product
(IlT) is an intermediate of vanillin synthesis, it could undergo a ser-
ies of steps involving unconcerted hydrogen radical abstraction,
hydroxylation, ester hydrolysis, and cleavage to form vanillin and
formic acid (Filiciotto et al., 2021), eventually cleaving the bond
of vanillin and regenerating the acidic site in the catalyst.

3.6. Catalyst reusability

Investigating the reuse of heterogeneous catalysts is crucial as it
allows for cost reduction and process optimization. The use of
heterogeneous catalysts offers the benefit of producing the desired
product through a clean process without requiring complex purifi-
cation treatments. Furthermore, the catalyst can be recovered and
reused without significant loss of catalytic activity, which is advan-
tageous from both economic and environmental perspectives
(Akinfalabi et al., 2017). 30HPW/CC(200-2) was reused in the oxi-
dation of isoeugenol to evaluate its reusability. Four consecutive
reactions were conducted using the same catalyst. After each cycle,

the catalyst was recovered by centrifugation, washed with acetoni-
trile and dried at 120 °C (Franco et al., 2017b).

[soeugenol conversion rate and vanillin selectivity gradually
decreased after the first run, with catalytic activity significantly
reduced after the third use (Fig. 11A and B). However, 30HPW/CC
(200-2) demonstrated a maximum isoeugenol conversion rate of
69% with excellent vanillin selectivity of 55% under optimal condi-
tions, and its recyclability was comparable to that of other hetero-
geneous catalysts. The improved activity observed during recycling
studies could be attributed to the presence of tungsten as an oxo-
species (WO?), formed in the presence of peroxide.

All results and trends, both in terms of conversion and selectiv-
ity, were verified by both UV-Vis and GC analyses, with similar
numerical values observed between the two techniques.

The results obtained in this study are in good agreement with a
previous report (Ashengroph, 2017) that employed both GC-MS
and UV-Vis analyses to evaluate the oxidation of eugenol (an iso-
mer of isoeugenol). The numerical values obtained from both tech-
niques were also comparable.

Deactivation due to leaching is a common phenomenon in this
type of catalytic system. Measurable amounts of HPW were
detected in the supernatant solution after the reaction, as analyzed
by UV-Vis. Additionally, changes in the HPW content in the reused
catalyst (as measured by UV-Vis) were observed in several subse-
quent measurements. These results are presented in Figures S5-A
and S5-B.

UV-Vis analysis showed that the recovered catalyst used in
each cycle had a slight decrease in HPW content from 26.31 mg.
¢! in the fresh 30HPW/CC(200-2) catalyst to 25.18 mg.g~! in
the recovered material (Figure S5-A). The average amount of lea-
ched HPW found in the analyzed samples for 30HPW/CC(200-2)
after the first use was <1% of the initial amount loaded in the fresh
catalyst, which might also explain the observed decrease in cat-
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Fig. 11. Comparison of the catalytic activity in terms of conversion and vanillin selectivity of 30HPW/CC(200-2) catalyst for isoeugenol oxidation, as evaluated by UV-Vis
(gray) and GC-MS (blue) analyses. Reaction conditions:0.8 mL of isoeugenol, 1.2 mL of H,0,, 7 mL of acetonitrile, 0.05 g of catalyst, 80 °C, 1 h of reaction.

alytic activity after the first reuse (Figure S5-B). However, the
30HPW/CC(200-2) catalyst exhibited good catalytic performance
during the four reuse cycles, which correlates well with the low
HPW content in the solution (<2% of the initial amount in the cat-
alyst) after each reuse, as determined by UV-Vis. These results sug-
gest that the amount of HPW leached from the biochar support
was within acceptable limits (3%), as reported in previous studies
(Almeida et al., 2021; Oliveira et al., 2019b).

Despite the observed decrease in catalytic activity and selectiv-
ity, the consistency of both parameters during the repeated use of
the catalyst suggests that it remained active throughout the recy-
cling process. This consistency may be attributed to the leaching
of active HPW components during the washing and drying steps
of the catalyst, as no additional HPW was added during reuse. In
addition, mechanical damage caused by agitation during the reac-
tion may have led to the leaching of WOs, resulting in catalyst
deactivation over subsequent reuses (Oliveira et al., 2019b; Pires
etal., 2014) (Figure S5). However, the consistent activity of the cat-
alyst in terms of vanillin yield during recycling implies that the
leaching of a small amount of HPW species, possibly in the inactive
form, does not significantly affect the activity of the homogeneous
phase (Almeida et al., 2021).

3.7. Characterization of the reused catalyst

To ascertain the stability of the catalyst after multiple oxidation
reactions of isoeugenol, a thorough catalyst characterization was
conducted using FTIR, SEM and EDS analyses on the catalyst after
the reuse cycles (see Figures S6-S9). These characterizations aimed
to clarify the potential causes of catalyst deactivation during the
reaction cycle.

Figure S6 depicts the FTIR spectrum of the catalyst after four
reuse cycles. Notably, the spectrum still shows bands with vibra-
tions characteristic of HPW even after being used in catalytic reac-
tions. The main absorption bands for HPW were observed in the
range of 700-1200 cm~!, including typical bands for PO
(1080 cm™ '), W=0 (983 cm'), W—0 and C—W (898 cm!), and
W—0—W (797 cm~' and 967 cm™'). The spectrum suggests that
the immobilized support retained its Keggin structure (HPW) even
after being subjected to catalytic reaction conditions (Almeida
et al.,, 2021).

Deactivation caused by carbonaceous deposits may be responsi-
ble for the observed decrease in activity, but no significant differ-
ences attributable to poisoning effects were observed in the FTIR
spectra of the catalyst after the reaction. However, evidence of
additional carbonaceous species deposited on the material was
found in the EDS experiments (Figure S9).

SEM analysis (Figure S7) shows that the catalyst pores were
obstructed after four reuse cycles (S7-B) compared to the new cat-
alyst (S7-A). This obstruction may be due to the adsorption and/or
deposition of compounds onto the support or catalyst degradation.

EDS analysis (Figures S8-S9) showed certain leaching from the
catalyst at the end of the four reuse cycles, consistent with UV-Vis
analysis results (Figure S5). The amount of tungsten in the catalyst
decreased from 28.63% to 25.26% after four reaction cycles, but the
amount of tungsten in the active phase remained high. 30HPW/CC
(200-2) could be used for additional cycles of the isoeugenol oxi-
dation reaction to efficiently produce vanillin. Conversion results
(Fig. 11) indicated that the catalyst remained efficient after four
reaction cycles, with a conversion rate and selectivity toward
vanillin of over 50% and 40%, respectively.

FTIR, SEM, and UV-Vis techniques successfully confirmed the
presence of active species in the material even after four reuses.
Based on the findings of previous studies and results obtained in
this study using 30HPW/CC(200-2), we anticipate that the pro-
posed low-cost biochar can be used as a catalyst support in other
organic transformation reactions, operating predominantly in a
heterogeneous way.

3.8. Comparison of the catalytic conversion achieved using 30HPW/CC
(200-2) with that achieved using other catalysts

To the best of our knowledge, this is the first report of using bio-
char derived from Brazil nut shells impregnated with HPW for the
oxidation of isoeugenol to vanillin. The performance of this catalyst
in the oxidation reaction exceeds that of previously reported cata-
lysts, particularly in terms of cost-effectiveness (as shown in
Table 1).

Table 1 shows that 30HPW/CC(200-2) and previously reported
catalysts exhibit similar catalytic activities. For instance, the use of
1% Fe/RGO (1% iron ion and reduced graphene oxide support) led to
a maximum vanillin yield of 63%, which is comparable to the yield
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Comparison of the catalytic performance of 30HPW/CC(200-2) catalyst with previously reported catalysts for selective oxidation of isoeugenol to vanillin.

Catalyst Time Temperature Conversion Selectivity Reuse Activity Reference
(h) (°C) (%) (%) cycles
(n-Bu)4NVOs3 + pyrazine-2-carboxylic acid 2 80 71 50 - (Gusevskaya et al., 2012)
(PCA)!
Co-Hoba!®! 24 18 90 _ _ (Srinivasapriyan, 2020)
Ni-Hoba 24 23 92
Cu-Hoba 24 10 82
Cu-MINT!! 6 80 69 66 3 30% (C) (Garcia-Albar et al. 2021)
57% (S)
1% Fe/RGO!! 2 90 61 63 (Franco et al., 2017b)
0.5Fe/Al-SBA-15!¢] 2 90 90 55 3 46% (S)  (Franco et al., 2017a)
0.5Nb/AI-SBA-15 69 66 39%(S)
0.5Nb/AI-SBA-15 66 35 47%(S)
Cu0,(20)/rGo" 24 50 97 53 4 52%(S)  (Bohre et al., 2017)
CoTPyP/TNI&! 24 50 87 72 3 71%(S) (Adilina et al., 2012)
FeNMag-190'" 24 25 85 57 5at90°C 46%(S) (Marquez-medina et al.,
2018)
MCM-22 with cerium!! 2 60 63 75 5 N (Sahu et al., 2020)
30HPW/CC(200-2) 1 80 69 55 4 45%(S)  This work

(C) Conversion. (S) Selectivity.

[a] Vanadate anion salt n-BuyNVO3; with H,0, and pyrazine-2-carboxylic acid as a mediator; [b] Ultrathin ion nanosheets; [c] Supported metal nanoparticles on a silica
matrix; [d] Iron ion and reduced graphene oxide support; [e] Mesoporous Al-SBA-15 with various ions; [f] Reduced graphene oxide supported copper oxide; [g] Taeniolite-
intercalated Co-porphyrin using molecular oxygen as the sole oxidant; [h] Synthesis of iron oxide nanocatalysts; [i] Ce-containing MCM-22 zeolites with cerium.

obtained with the HPW-containing catalyst in the present study.
Another example is the work of Gusevskaya et al. (Gusevskaya
et al., 2012), who achieved lower vanillin yields (50%) under com-
parable conditions using a homogeneous and non-environmentally
friendly catalyst in an amount approximately 50 times smaller
(mol% of (n-Bu)4NVO;3; + pyrazine-2-carboxylic acid (PCA)) than
the amount of catalyst used in the present study. Marquez-
Medina et al. (2018) obtained stable vanillin yields over three
reuse experiments (90 °C). The spent FeMag-190 (iron oxide
nanocatalysts) catalyst (after five reuses) was regenerated by calci-
nation at 300 °C (in air, 2 h), recovering more than 80% of the initial
catalytic activity of the fresh catalyst. Franco et al. (2017a)
achieved a 69% conversion of isoeugenol to vanillin with a selectiv-
ity of 66% using SBA-15 aluminosilicates as a support for Nb. Mean-
while, when the researchers grouped various Fe-based materials
together, they achieved a higher conversion of isoeugenol (90%)
but a lower selectivity for vanillin (55%). The Cu-MINT material
reported by Garcia-Albar et al. (2021) demonstrated high catalytic
activity, with 69% isoeugenol conversion and 66% vanillin selectiv-
ity during a 6-hour reaction. However, the material showed deac-
tivation over three reaction cycles, resulting in reduced conversion
and selectivity. The vanillin selectivity of 54% achieved with the
low-cost carbon-based catalyst in this study is noteworthy when
compared to previously reported values in Table 1. In conclusion,
it is worth mentioning that the production costs of the catalyst
derived from Brazil nut bark waste are promising. The utilization
of this waste as an inexpensive raw material for producing cat-
alytic supports has been proven feasible. Hence, the use of a bypro-
duct from extractive production, such as chestnut shell, for
synthesizing a novel catalytic material is sustainable and dimin-
ishes the environmental liability resulting from its disposal, while
adding economic value to the waste.

4. Conclusions

30HPW/CC(200-2) exhibited high efficiency for four cycles of
isoeugenol oxidation reactions. Characterization of the catalysts
using EDS demonstrated a low leaching rate of the active phase.
The catalyst showed a conversion rate and selectivity >40% and
50%, respectively, even higher than those of the autocatalysis
reaction.
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The best conditions for the oxidation reaction of isoeugenol to
vanillin were carried out in this study at a temperature of 80 °C
with a peroxide ratio of 1:10 in relation to isoeugen and 1:32 in
relation to acetonitrile (as solvent), and a amount of 6% catalyst
for 60 min. Under these conditions, a maximum isoeugenol conver-
sion of 69% was achieved, with product distribution in the order of
vanillin (>54%) > vanillylmethylketone (<28%) > methyl 3-hydroxy-
4-methoxyphenylacetate (<18%). Pure HPW showed a conversion
rate of 72% with a product distribution of methyl 3-hydroxy-4-
methoxyphenylacetate (<37%) > vanillin (<36%) > vanillylmethylke
tone (<25%).

The findings presented in this study could lead to the develop-
ment of a more sustainable process for producing vanillin, a valu-
able food and perfume additive with high economic value. We
anticipate that the results reported in this study will inspire further
investigation into various applications of the 30HPW/CC (200-2)
catalyst and biochar support, such as in oxidation reactions and
heavy metal removal, among other potential applications.
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