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A vanadium-centered metal organic framework [MIL-100(V)] was synthesized as a heterogeneous catalyst
allowing the selectivity to be switched from almost quantitative formation of benzaldehyde (Bz-CHO) to
quantitative formation of benzoic acid (Bz-COOH) by changing only the temperature in the aerobic
oxidation of benzyl alcohol (Bz-OH). The aerobic oxidation of Bz-OH was performed using molecular
oxygen or air in the temperature range of 60-120 °C. A Bz-CHO formation yield of 98.1% was obtained
with quantitative Bz-OH conversion at 80 °C. When the oxidation temperature was set to 100 °C, a Bz-
COOH formation yield of 100% was achieved with quantitative Bz-OH conversion. The suitability of a serial
reaction mechanism including Bz-CHO formation from Bz-OH and Bz-COOH formation from Bz-CHO as
the first and second stage reactions, respectively was investigated for the aerobic oxidation process. The
apparent first-order rate constants determined for first and second stage reactions demonstrated that the
first-stage reaction was faster with respect to the second one. The proposed kinetic model allowed the
calculation of apparent activation energies for Bz-CHO formation from Bz-OH and Bz-COOH formation
from Bz-CHO as 77.3 and 149.2 kJ mol™, respectively. The presence of hydroxyl (-OH) and superoxide
anion (O,") radicals in the aerobic oxidation was demonstrated by radical scavenging runs. A mechanism
was proposed based on the crystalline structure of MIL-100(V) and the radical types identified by the
scavenging runs. This study opens a new path for tuning of selectivity towards Bz-CHO or Bz-COOH, for
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rsc.li/catalysis the first time, using a transition metal based catalyst synthesized by a one-pot hydrothermal reaction.

1. Introduction

Metal organic framework (MOF) based heterogeneous
catalysts with different active sites have been widely used for
oxidation of benzyl alcohol (Bz-OH) with various oxidation
agents.'* MOFs with different metal centers such as Co, Zn,
Ni, and Cu were used in Bz-OH oxidation leading to
benzaldehyde (Bz-CHO) as the main product with a Bz-OH
conversion of 81.8% and high selectivity (>99%)." Fe-
anchored MOF-808 was evaluated as a catalyst for selective
oxidation of Bz-OH to Bz-CHO at 90 °C, with a Bz-OH
conversion of 99% and a Bz-CHO selectivity of 96%."
Flowerlike high-entropy oxide nanosheets (HEO-600) with a
high surface area and high oxygen vacancy provided a Bz-
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CHO yield of 92.3% in the aerobic oxidation of Bz-OH at 110
°Cin1h."

The nanomaterials carrying vanadium based active sites
are among the most widely used heterogeneous catalysts for
catalytic or photocatalytic conversion of Bz-OH to Bz-CHO
with high selectivity."”?® MOFs decorated with vanadium
containing active sites have been found in this family.>’°
Vanadium oxide (VOx) species supported on Zr-NU-1000 and
Hf-MOF-808 MOFs and a mixed-valence polyoxovanadate-
based MOF were used for selective oxidation of Bz-OH to Bz-
CHO.>”**  Monomolecular VB,-doped MOFs were also
successfully evaluated for photocatalytic oxidation of Bz-OH
to Bz-CHO.*

The tuning of product selectivity is still a challenge in the
oxidation of Bz-OH using molecular oxygen or various
chemical oxidation agents. In most of the Bz-OH oxidation
studies, Bz-CHO or Bz-COOH is targeted as the main product
using a certain heterogeneous catalyst. While obtaining Bz-
CHO as the main product, Bz-COOH or other by-products
such as benzyl benzoate (Bz-BzO) may form with lower
concentrations. A similar situation is also observed when Bz-
COOH is obtained as the main product due to the formation

This journal is © The Royal Society of Chemistry 2024
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of other by-products. Recently, electrocatalytic oxidation
(ECO) of benzyl alcohol has been proposed as an efficient tool
for obtaining Bz-COOH as the main product with high Bz-OH

conversion and high selectivity.****
Various heterogeneous catalysts were developed to
achieve high Bz-COOH formation yield via chemical

oxidation of Bz-OH using an oxidation agent.”>*” The
conversion of Bz-OH to Bz-COOH with a selectivity higher
than 99% and overall conversion higher than 90% was
achieved under dilute alkaline conditions using W;gO,o/
holey ultrathin g-C;N, nanosheets in visible light driven
photocatalytic oxidation of Bz-OH.*> Holey lamellar high-
entropy oxide allowed achievement of 98% Bz-OH
conversion with a Bz-COOH selectivity of 50% and a Bz-
CHO selectivity of 29% in solvent-free aerobic oxidation of
Bz-OH at 120 °C in a reaction period of 2 h.** It was also
demonstrated that solvent- and ligand-free aerobic oxidation
of Bz-OH was catalyzed by soluble/MOF-supported
palladium single atoms with a Bz-COOH formation yield of
73% at 150 °C.**  Silver-carrying  polyoxotungstate
frameworks provided 99% Bz-COOH selectivity with 99% Bz-
OH conversion in photocatalytic aerobic oxidation of Bz-
OH.”> A Bz-COOH selectivity of 94.8% was obtained with
98.6% Bz-OH conversion using a metal-organic complex
synthesized from Co(u) and azoamide-pyridyl and
benzenetricarboxylate at 90 °C.*® The Pd/1D-TiO, catalyst
with ultralow Pd-content allowed the main product to be
changed from >90% Bz-CHO to >60% Bz-COOH in
photothermocatalytic aerobic oxidation of Bz-OH in the
temperature range of 90-120 °C.*’

On the other hand, the tuning of selectivity towards Bz-
CHO or Bz-COOH was achieved by changing reaction
conditions in the visible light driven photocatalytic oxidation
of Bz-OH.*®*° An S-scheme heterojunction with bimetallic
oxide quantum dots and nitrogen-deficient conjugated
polymers  (NigsFeos0  QD/g-C3N,)  provided  Bz-OH
conversions of 85% and 88% for Bz-CHO and Bz-COOH,
respectively in the visible light driven photocatalytic
oxidations performed by changing the oxidation medium.*®
The host-guest chemistry of porphyrin-based metallacages
was evaluated to regulate ROS generation and to control the
selective photocatalytic oxidation of Bz-OH.*® So, Bz-OH was
oxidized into Bz-CHO by the irradiation of oxidation medium
containing a metallacage, while it was oxidized to Bz-COOH
when the metallacage-C70 complex was included as a
photosensitizer in the oxidation medium.*> Oxygen vacancy
rich Bi,MoOs hollow microspheres
photocatalyst in the oxidation of Bz-OH under simulated
sunlight with Bz-CHO production rates up to 1310 mol g*
h™*°  Fe;0,@CdS@CQDs used as a
photocatalyst for selectively converting Bz-OH to Bz-CHO
provided production rates up to 57.22 mmol g h™.°" Bz-
CHO production rates up to 99.25 mmol g h™ were also
achieved using amphiphilic Bi,WO, microspheres in the
aerobic oxidation of Bz-OH conducted in a biphasic system
under simulated sunlight.>?

were used as a

nanostructure
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According to the best of the author's knowledge, only one
study reported that a Bz-COOH yield of 96% and a Bz-CHO
yield of 93% were consecutively achieved by changing the
temperature between 90° and 50 °C and by adjusting the feed
flow rate in a continuous packed bed reactor including Pt
black/SiO, (i.e. a commercial catalyst) using H,O, as the
oxidant in the oxidation of Bz-OH.>® In the present work,
MIL-100(V) was synthesized by the hydrothermal reaction of
the vanadium precursor (VCl;) with the organic linker
triethyl-1,3,5-benzenetricarboxylate (TE-BTC). MIL-100(V) was
evaluated as a heterogeneous catalyst for aerobic oxidation of
Bz-OH in the temperature range of 80-120 °C. Bz-CHO was
obtained as the main product with a formation yield of
98.1% and quantitative Bz-OH conversion at 80 °C. On the
other hand, Bz-COOH was obtained as the main product with
quantitative formation yield and quantitative Bz-OH
conversion at 100 °C. Most of the heterogeneous catalysts
developed for aerobic oxidation of Bz-OH at temperatures
higher than 80 °C and also the photocatalysts used in
simulated sunlight driven Bz-OH oxidations at room
temperature allowed the synthesis of only Bz-CHO or only Bz-
COOH with high formation yields and high selectivities. In
the present work, MIL-100(V) was proposed as a transition
metal-based catalyst allowing the selectivity and also the
oxidation reaction to be switched by changing the
temperature alone, and production of only Bz-CHO or only
Bz-COOH with high selectivity at different oxidation
temperatures. The present work opened a new path for
tuning the selectivity towards Bz-CHO or Bz-COOH, using an
inexpensive transition metal based catalyst synthesized by a
facile, one-pot hydrothermal reaction and eliminated the
product selectivity problem in the aerobic oxidation of Bz-
OH.

2. Experimental
2.1 Materials

1,3,5-Benzene tricarboxylic acid (BTC, 98%), vanadium
chloride (VCl;, 97%), absolute ethanol, and concentrated
sulphuric acid (95-98%) were purchased from Sigma-Aldrich
Co., St. Louis, MO, U.S.A. for the synthesis of MIL-100(V).
Deionized (DI) water was obtained from Direct-Q3 UV system
(Millipore S.A.S, France, 18 MQ). Anhydrous benzyl alcohol
(=99%) and anhydrous diethylene glycol dimethyl ether
(DEGDME, 99.5%) were supplied from Sigma-Aldrich. The
radical scavengers r-ascorbic acid (1-AA), isopropyl alcohol
(IPA) and NaN; were also obtained from Sigma-Aldrich.

2.2 Synthesis of TE-BTC

To obtain the organic linker triethyl-1,3,5-
benzenetricarboxylate (TE-BTC), the Fischer esterification
reaction was carried out with alcohol and an acid catalyst
as reported earlier.* 1,3,5-Benzene tricarboxylic acid was
dissolved in 100 mL of absolute ethanol and 2 mL of
sulphuric acid. The solution was refluxed at 80 °C for 8
h. After the reaction, the clear solution was naturally
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cooled down to room temperature and a white precipitate
formed during the cooling. The crude product was washed
with cold DI water and dried at 60 °C for 24 h. The
product was obtained with nearly 90% yield based on
BTC.

2.3 Synthesis of MIL-100(V)

The obtained TE-BTC and the vanadium precursor (VCl;)
were dissolved in DI water (5 mL) with a molar ratio of 2:
1. The synthesis of MIL-100(V) was carried out in a Teflon-
lined hydrothermal reactor (100 mL) at 220 °C for 72 h
under autogenous pressure. The reactor was naturally
cooled down to room temperature and the green product
was washed with EtOH and DI water, by successive
centrifugation-decantation. Then, MIL-100(V) was dried at
60 °C for 24 h.

2.4 Catalyst characterization

The morphological properties of MIL-100(V) nanoparticles
were determined by Scanning Electron Microscopy (SEM,
Tescan, Czech Republic). The porous characteristics of MIL-
100(V) were analyzed by nitrogen physisorption, using the
BET equation (Quantachrome, Nova 2200E, UK). The
crystalline structure of MIL-100(V) was investigated by X-ray
diffraction spectroscopy (Panalytical Empyrean XRD, UK).
X-ray photoelectron spectroscopy (K-Alpha XPS, Thermo
Fischer Scientific, U.S.A.) was used for the determination of
valence states of V, O and C on the surface of MIL-100(V)
nanoparticles.

2.5 Aerobic oxidation of benzyl alcohol

A three-neck round bottom flask was used to investigate the
activity of MIL-100(V) as a heterogeneous catalyst in the
aerobic oxidation of Bz-OH. Unless stated otherwise
diethylene glycol dimethyl ether (2.5 mL) and Bz-OH (20 pL)
were mixed using a magnetic stirrer. For the production of
Bz-CHO, typically, the solution was heated to 80 °C, then
MIL-100(V) (80 mg) was introduced to the solution and
molecular oxygen or air was fed as the oxidant with a flow
rate of 15 mL min" and 75 mL min™", respectively. For the
production of Bz-COOH, typically, the solution was heated to
100° or 120 °C, MIL-100(V) (20 mg) was introduced to the
solution and molecular oxygen or air was fed with a flow rate
of 15 mL min~" and 75 mL min™", respectively.

Liquid samples were taken from the reactor at different
times. The catalyst was filtered off and the clear solution was
analyzed in a high-performance liquid chromatography
(HPLC) system (SPD-10AV, Shimadzu, Japan) equipped with a
UV-vis detector operated at 214 nm and a Phenomenex
SphereClone column (C-18, 5 um Silica, 250 x 4.60 mm). The
conversion of Bz-OH and the selectivity to products were
calculated as follows:

Conversion of Bz-OH,

Cr (%) = [Mp2-01(0) — Npson(t))/Neron(0) X 100 1)

6526 | Catal Sci. Technol., 2024, 14, 6524-6536
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Spz-cro OF Spzcoon (%) = Nvain product/ [nBz-OH(O) - nBz-OH(t)]
%X 100 (2)

where 73,.01(0) is the initial mole of Bz-OH introduced to the
reaction medium, ng, ou(¢) is the mole of unconverted Bz-OH
at the time period, ¢ and numain product is the mole of the main
product formed (Bz-CHO or Bz-COOH).

3. Results and discussion
3.1 Characterization of MIL-100(V)

The schematic representation of the chemical route
followed for the synthesis of MIL-100(V) is given in Fig. 1.
In the first stage, TE-BTC was synthesized by the Fischer
esterification reaction between BTC and ethanol in an
acidic medium.>® Then, MIL-100(V) was obtained by a
hydrothermal reaction between the selected vanadium
precursor (VCl3) and TE-BTC at 220 ©°C. The SEM
photographs of MIL-100(V) are given in Fig. 2A. As seen
here, MIL-100(V) was in the form of irregular crystals
roughly ranging between 100 and 500 nm in size. The
hysteresis in the nitrogen adsorption/desorption isotherms
given in Fig. 2B(i) obeyed the type-IV isotherm dominantly
indicating a mesoporous structure. The pore-size
distribution curve is given in Fig. 2B(ii). A narrow pore
size distribution falling in the size range of 3.1-4.1 was
observed with a mode pore size of 3.5 nm. The specific
surface area of MIL-100(V) was determined as 373.6
m® ¢7'. The X-ray diffraction spectrum given in Fig. 2B(iii)
confirmed the crystalline structure of MIL-100(V) and was
consistent with the those of previously synthesized MIL-
100(V) samples.>*™° As previously described, MIL-100(V) is
a vanadium(m) tricarboxylate containing oxo-centered
trimers of VOg octahedra linked to the same vertex p;-0.>*
The trimers are connected by 1,3,5-phenyl
triethylcarboxylate moieties termed as supertetrahedra
represented by a hybrid structure containing four trimers
and four organic ligands. It should be also noted that
MIL-100(V) is isostructural with MIL-100(Cr) and the XRD
pattern of MIL-100(V) is consistent with the simulated
MIL-100(Cr).>*>*

220°C 72h
[

Vanadium trimer

Oven

Super tetrahedra

Fig. 1 Schematic representation of the chemical route followed for
the synthesis of MIL-100(V).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characterization of MIL-100(V). (A) SEM photographs of MIL-100(V). Magnification: x25.000 and x75.000 for (i) and (ii), respectively. (B) (i)
Nitrogen adsorption/desorption isotherms of MIL-100(V), (ii) pore size distribution curve obtained by the nitrogen adsorption/desorption method,

and (iii) X-ray diffraction spectrum of MIL-100(V).

X-ray photoelectron spectra of MIL-100(V) are presented
in Fig. 3. The peaks belonging to V, O and C were observed
in the survey XPS spectrum in Fig. 3A. In the core level
spectra for the V 2p scan, the peaks assigned to V(m) and
V(v) valence states in the V 2p*?* level were observed at
binding energies of 517.01 and 517.78 eV, respectively
(Fig. 3B). The peaks at binding energies of 521.17 and
523.34 eV were assigned to V(m) and V(iv) valence states in
the vV 2p*? level. V(m)/V(iv) mixed valence states were
observed in the core level spectra for the V 2p scan of MIL-
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Fig. 3 X-ray photoelectron spectra (XPS) of MIL-100(V). (A) Survey XPS
and core level spectra for (B) V 2p scan, (C) C 1s scan and (D) O 1s
scan of MIL-100(V).

This journal is © The Royal Society of Chemistry 2024

100(V). The V(ur)/V(wv) ratio was calculated as 0.47 based on
the peak areas obtained for V 2p*? and V 2p"* levels
(Fig. 3B). The deconvoluted peaks at binding energies of
285.40, 286.66, 289.28 and 291.21 eV in the core level
spectra for the C 1s scan were assigned to C-C, C-O, C=0
and O-C=0, groups, respectively (Fig. 3C). In the core level
spectra for the O 1s scan, the deconvoluted peaks at
binding energies of 532.38, 532.83, and 538.40 eV were

-y
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Fig. 4 Tuning of selectivity towards Bz-CHO or Bz-COOH by changing
the reaction temperature in the presence of MIL-100(V) as a
heterogeneous catalyst in the oxidation of Bz-OH with molecular oxygen.
Reaction temperature (°C): (A) 60, (B) 80, (C) 100, (D) 120. Common
conditions: DEGDME: 2.5 mL, MIL-100(V) concentration: 32 mg mL™, initial
Bz-OH concentration: 96.2 mM, O, flow rate: 0.015 L min™™.
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Table 1 Benzyl alcohol conversions, selectivities and formation yields of products obtained in the parametric runs made for aerobic oxidation of benzyl

alcohol using MIL-100(V)

Catalyst (mg mL™") Temperature (°C) Cr (%) Spz-cro (%) FYgcho (%) Spz-coon (%) FYg,.coon (%) TOF (h™)
32 60 25.2£2.2 92.6 £ 2.1 23.3£2.1 74 +2.7 1.9 +2.7 3.3

32 80 1007 98.1+1.2 98.1+1.2 3.0+£1.1 3.0+£1.1 18.4

32 100 100 <0.1? <0.1b 99.9 + 0.9 99.9 + 0.9 18.0

32 120 100° <0.1” <0.1? 98.8 + 1.2 98.8 + 1.2 62.9
Catalyst (mg mL™") Temperature (°C) Cr (%) Spz-cro (%) FYgcro (%) Spz-coon (%) FYg,.coon (%) TOF (h™)
8 80 93.7 + 2.0 83.6+1.4 783 +1.4 12.3 +1.7 13.4+ 1.7 43.5

16 80 1007 90.5 + 1.1 90.5 + 1.1 9.4 +1.0 9.4 + 1.0 24.4

32 80 100° 98.1+1.2 98.1+1.2 3.0+1.1 3.0+1.1 18.4

8 120 100° <0.1? <0.1? 100.3 + 1.9 100.3 + 1.9 256.8

16 120 1007 <0.1? <0.1? 99.9 + 1.6 99.9 + 1.6 89.5

32 120 100 <0.1? <0.1b 98.8 +1.2 98.8 + 1.2 62.9
Bz-OH (mM) Temperature (°C) Cr (%) Sgz-cuo (%) FYg.-cuo (%) Spz-coon (%) FYg.-coomn (%) TOF (h™)
48.1 80 100° 97.1+ 0.8 97.1+0.8 2.9+1.2 29+1.2 17.0
96.2 80 100° 98.1+1.2 98.1+1.2 3.0+1.1 3.0+1.1 18.4
192.4 80 1007 63.4+1.3 63.4+1.3 35.7+1.7 35.7+1.7 68.3
48.1 120 100° <0.1? <0.1? 100.1 + 1.7 100.1 + 1.7 250.6
96.2 120 1007 <0.1? <0.1° 100.3 + 1.9 100.3 + 1.9 256.8
192.4 120 100° <0.1? <0.1% 101.0 £ 1.5 101.0 £ 1.5 497.0

Air flow rate (L min™") Temperature (°C) Cr (%) Spa-cuo (%) FYg,.cro (%) Spz-coom (%) FYg,.coon (%) TOF (h™)
0.050 80 61.1 1.5 94.5 + 1.4 57.8 +1.4 5.8+ 1.6 3.6 +1.6 7.4
0.075 80 73.3+1.6 95.5 + 0.8 70.0 £ 0.8 5.6 +1.3 49+1.3 9.74
0.150 80 1007 92.1 +1.1 92.1 + 1.1 83123 83+2.3 19.9
0.050 120 100¢ <0.1? <0.1? 99.7 £ 1.5 99.7 £ 1.5 121.8
0.075 120 100° <0.1? <0.1? 99.0 + 1.7 99.0 + 1.7 207.3
0.150 120 1007 <0.1? <0.1° 99.1 +2.7 99.1 +2.7 221.6

Cr: Bz-OH conversion, Sg,.cuo: Bz-CHO selectivity, FYg,.cno: formation yield of Bz-CHO, Sg,.coon: Bz-COOH selectivity, FYg,.coon: formation
yield of Bz-COOH, TOF: turnover frequency at a total conversion of 80%. “ No peak belonging to Bz-OH was found in the HPLC chromatogram.

b Bz-CHO peak was very small in the HPLC chromatogram.

assigned to C=0, C-OH and -COOH groups, respectively
(Fig. 3D).

3.2 Tuning of selectivity in aerobic oxidation of Bz-OH using
MIL-100(V)

The effect of temperature on the kinetic behavior of aerobic
oxidation of Bz-OH using MIL-100(V) as the catalyst is given
in Fig. 4. The calculated kinetic parameters (ie. Bz-OH
conversion, selectivities and formation yields of Bz-CHO and
Bz-COOH) at different temperatures are given in Table 1. In
Fig. 4, the tunable synthesis of Bz-CHO or Bz-COOH by
changing the temperature in the oxidation of Bz-OH was
exemplified. As expected, a remarkable increase was observed
in TOF with increasing temperature (Table 1). Quantitative
Bz-OH conversions were obtained at temperatures higher
than 60 °C. The Bz-CHO formation yield and also Bz-CHO
selectivity were equal to 98.1%, while the formation yield and
the selectivity to Bz-COOH were only 3.0% at 80 °C (Table 1).
The formation yield and the selectivity to Bz-COOH were
99.9%, while the Bz-CHO formation yield and Bz-CHO
selectivity were lower than 0.1% at 100 °C (Table 1). A similar
behavior for the formation yields and the selectivities to both
products was also observed at 120 °C. In other words,

6528 | Catal. Sci Technol, 2024, 14, 6524-6536

quantitative Bz-OH conversions and almost quantitative Bz-
COOH formation yields were obtained when the oxidation
temperature was set to 100 or 120 °C. The results obtained by
using MIL-100(V) in the aerobic oxidation of Bz-OH
demonstrated that Bz-CHO was the main product at the
oxidation temperature of 80 °C, while Bz-COOH was obtained
as the main product when Bz-OH oxidation was carried out
at 100° or 120 °C. In other words, the tunable synthesis of
Bz-CHO or Bz-COOH with considerably higher formation
yields with respect to those previously reported was achieved
by changing the reaction temperature when MIL-100(V) was
used as the heterogeneous catalyst (Fig. 4, Table 1).**° Apart
from a pioneering study on switchable synthesis of aldehydes
and carboxylic acids from different alcohols in a continuous
packed bed reactor containing zerovalent Pt black (ie. a
commercial catalyst obtained from N.E. CHEMCAT Co.,
Japan) immobilized on SiO, as the catalyst, a similar
behavior has not been observed with any catalyst synthesized
for Bz-OH oxidation.”® In the referred work, a Bz-COOH yield
of 96% and a Bz-CHO yield of 93% were consecutively
achieved by changing the temperature between 90 and 50 °C
and adjusting the feed flow rate in the continuous reactor
system using H,0, as the oxidant.>® MIL-100(V) is a more
inexpensive catalyst and provided better formation yields and

This journal is © The Royal Society of Chemistry 2024
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selectivities for either Bz-CHO and Bz-COOH in the aerobic
oxidation of Bz-OH using molecular oxygen as the oxidant. It
should be also noted that the switching of selectivity towards
Bz-CHO or Bz-COOH was also recently demonstrated in two
different studies by modifying the chemistry of the
photocatalyst or by changing the oxidation medium in the
photocatalytic oxidation of Bz-OH.*®*° In our case, a tunable
synthesis either for Bz-CHO or Bz-COOH only by changing
the reaction temperature and by keeping constant all other
oxidation conditions was demonstrated for the first time in
the aerobic oxidation of Bz-OH performed at temperatures
higher than 80 °C.

The effect of MIL-100(V) concentration on the kinetic
behavior of Bz-OH oxidation is demonstrated at two different
temperatures (i.e. 80 and 120 °C) in Fig. 5. As seen here, the
formation yield of Bz-CHO continuously increased with
increasing time, while a limited increase was observed in the
formation yield of Bz-COOH at 80 °C. However, Bz-CHO was
in the form of an intermediate at 120 °C and the formation
yield of Bz-COOH continuously increased by the consumption
of Bz-CHO at this temperature (Fig. 5B). Note that the
consumption of Bz-CHO at 120 °C was faster with the highest
MIL-100(V) concentration. The calculated kinetic parameters
are given in Table 1. As seen in Fig. 5A and Table 1, 80 °C is
the oxidation temperature suitable for the synthesis of Bz-

100
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Fig. 5 The variation of Bz-CHO and Bz-COOH formation with time in
the Bz-OH oxidations performed by changing MIL-100(V)
concentration at 80 °C and 120 °C, using molecular oxygen. (A) Bz-
CHO and Bz-COOH formation profiles at 80 °C, MIL-100(V)
concentration (mg mL™): (i) 8.0, (ii) 16.0, (i) 32.0, (B) Bz-CHO and Bz-
COOH formation profiles at 120 °C, MIL-100(V) concentration (mg
mL™): (i) 8.0, (ii) 16.0, (iii) 32.0. Common conditions: DEGDME: 2.5 mL,
initial Bz-OH concentration: 96.2 mM, O, flow rate: 0.015 L min™™.
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CHO with high selectivity and high formation yield in a
reaction period of 6 h. In this set, the highest Bz-CHO
selectivity and also the highest Bz-CHO formation yield were
obtained as 98.1% with quantitative Bz-OH conversion at the
MIL-100(V) concentration of 32.0 mg mL ™" (Table 1). The Bz-
COOH formation yield in the Bz-OH oxidation performed
with the catalyst concentration of 32 mg mL!, at 80 °C, was
3.0% for a reaction period of 6.5 h (Table 1). The Bz-COOH
formation yield increased to 5.3% when the reaction period
was extended to 10 h under the same conditions.

No significant Bz-BzO formation was detected in the same
run in a reaction period of 10 h. The formation yield of Bz-
COOH was obtained as 99.9% in the oxidation performed
with the catalyst concentration of 32 mg mL™" at 100 °C, in a
reaction period of 4 h (Table 1). The formation yield of Bz-
BzO was also lower than 0.1% when the reaction period was
extended up to 8 h under the same conditions.

On the other hand, Bz-COOH was obtained as the single
product with the formation yield of 100% when the Bz-OH
oxidation was performed at 120 °C with the MIL-100(V)
concentration of 8.0 mg mL™ in a reaction period of 2 h
(Fig. 5B and Table 1). In this run, the overall Bz-OH
conversion was quantitative and the formation yield of Bz-
CHO was lower than 0.1%. The formation yield of Bz-BzO
was found to be lower than 0.1% when the reaction period
was extended to 4 h. Hence, the selectivity for Bz-COOH was
calculated as 100% (Table 1). The TOF calculated for MIL-
100(V) concentration of 8.0 mg mL™" at 120 °C was
considerably higher with respect to that calculated for 32.0
mg mL ™" at the same reaction temperature (Table 1). For this
reason, 8.0 mg mL™" was evaluated as an appropriate MIL-
100(V) concentration for the synthesis Bz-COOH at 120 °C
and used in the rest of the oxidation runs for obtaining Bz-
COOH as the main product. Another aerobic oxidation
performed at 140 °C was completed in 1.5 h, with
quantitative Bz-OH conversion, a Bz-COOH formation yield of
100 + 1.4% and a Bz-BzO formation yield lower than 0.1%.

The effect of initial Bz-OH concentration on the kinetic
behavior of Bz-OH oxidation was also investigated at two
different reaction temperatures (Fig. S17). Bz-CHO formation
yields and Bz-CHO selectivities higher than 97% are obtained
with lower initial Bz-OH concentrations at 80 °C (i.e. 48.1 and
96.2 mM) in a reaction period of 6 h. For the reaction
temperature of 120 °C, both Bz-OH conversion and Bz-COOH
formation yield are almost independent of initial Bz-OH
concentration.  Quantitative Bz-OH  conversions and
quantitative Bz-COOH formation yields were obtained with
all initial Bz-OH concentrations in a reaction period of 2.5 h
(Table 1). The highest TOF in this study is obtained in this
set as 497 h™" with the highest initial Bz-OH concentration of
192.4 mM. As expected, the TOF values obtained with all
initial Bz-OH concentrations at the reaction temperature of
120 °C are higher than those calculated at 80 °C.

Bz-OH oxidation runs were also performed using air
instead of molecular oxygen as the oxidant. For the center
point of oxidation runs, the air flow rate was selected by
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considering supplying oxygen with air at a flow rate which
was equal to the flow rate of molecular oxygen. The effect of
the air flow rate on the kinetic behavior of Bz-OH oxidation
using MIL-100(V) as the catalyst is given in Fig. S2.f TOF
values obtained using air at the reaction temperatures of 80
and 120 °C were lower with respect to the oxidation runs
performed using molecular oxygen and by changing either
catalyst concentration or initial Bz-OH concentration
(Table 1). This finding indicated that the rate of Bz-OH
oxidation leading to Bz-CHO or Bz-COOH as the main
product using air was lower with respect to that performed
using molecular oxygen. Quantitative Bz-OH conversion and
high Bz-CHO formation yield (i.e. 92.1%) could be obtained
with the highest air flow rate (0.15 L min™") at 80 °C. On the
other hand, quantitative Bz-OH conversions and high Bz-
COOH formation yields (i.e. >99%) were achieved with all air
flow rates used at 120 °C.

The comparison of TOF values obtained for MIL-100(V)
with the those of heterogeneous catalysts used in Bz-OH
oxidation with different oxidation agents is given in Table
S1.f Extremely high TOF values were reported for
heterogeneous  catalysts carrying  precious metal
nanoparticles as the active site on a porous support.’’"°> The
TOF values obtained with MIL-100(V) were lower with respect
to these catalysts. MIL-100(V) has an intrinsic catalytic
activity in the oxidation of Bz-OH. For this reason, the mole
of V used for TOF calculation of MIL-100(V) should be
considerably higher with respect to the mole of precious
metal used for TOF calculations of precious metal based
catalysts. On the other hand, the TOF values obtained with
MIL-100(V) were considerably higher with respect to catalysts
containing various transition metals.®*®” In Table S1,f all
TOF values were taken from the studies on Bz-OH oxidations
leading to Bz-CHO as the main product. For MIL-100(V), the
TOF reported for 120 °C belongs to Bz-OH oxidation
providing Bz-COOH with 100% selectivity, while the TOF
reported for 80 °C defines Bz-CHO formation with 98.1%
selectivity.

3.3 Kinetic analysis of aerobic oxidation of Bz-OH using MIL-
100(V)

A serial reaction system was used for the kinetic analysis of
aerobic oxidation of Bz-OH using MIL-100(V) as the catalyst
(Fig. 6). Although similar reaction schemes including both
Bz-CHO and Bz-COOH formations have been previously used
in numerous studies, the estimation of apparent rate
constants of individual reactions leading to Bz-CHO and Bz-
COOH was not performed in both catalytic and photocatalytic

[o]
OH kl; En H kz, Eaz OH
— —————

Fig. 6 The serial reaction system for aerobic oxidation of Bz-OH using
MIL-100(V).
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Bz-OH oxidations.**® The effective catalysis of Bz-CHO and
Bz-COOH formation reactions by MIL-100(V) only by
changing the oxidation temperature under constant reaction
conditions allowed the kinetic analysis to be carried out as
described below.

As seen in Fig. 6, Bz-CHO is obtained as the intermediate
product by the first-stage reaction with the first order
apparent rate constant of k;. Then, Bz-COOH is obtained as
the final product by the second reaction with the first order
apparent rate constant of k,. The first-order rate expression
for the conversion of Bz-OH to Bz-CHO is given by eqn (3).
Then, the expression for the variation of Bz-OH concentration
with time is given by eqn (4).

dChg,-
- % = k1 Cgz-on 3)

Ciz-on = Ciyz-on €xp(~kit) (4)

The net reaction rate of Bz-CHO as the intermediate can be
expressed by eqn (5) by considering either the formation or
the decomposition rates. Hence, the expression for the
variation of Bz-CHO concentration with time is obtained by
the integration of eqn (5), using eqn (4). The formation rate
of Bz-COOH is given by eqn (6) by considering the
decomposition of Bz-CHO with the second reaction according
to first-order kinetics. Finally, by substituting eqn (6) into
eqn (7), the integration of the resulting expression yields eqn
(8) for the variation of Bz-COOH concentration with time.

dCg,-
—220 — k1 Cazon — k2Crzcrio (5)
dt
k:CY .
Crz-cHo = % [exp(—ki?) - exp(~k1)] (6)
2 1

dCrc
% = k2Crscro (7)
ki o
=k (exp(=kat)—1)
(8)

0
F2Chiott (exp(~,1)-1)

Crz-coon = -k
1 2

A non-linear parameter estimation protocol via MATLAB®
was used for the determination of apparent first order rate
constants based on the variation of Bz-OH, Bz-CHO and Bz-
COOH concentrations with time for each oxidation run as
given in Fig. 4 and 5 and S1 and S2.f The first-order rate
constants belonging to the first and second reactions in
Fig. 6 are given in Table 2.

e The rate constants for Bz-COOH formation from Bz-
CHO (i.e. k;) are much lower with respect to those of Bz-CHO
formation from Bz-OH (i.e. k,) in all runs performed at 80 °C.

e The rate constants for Bz-CHO formation from Bz-OH
and Bz-COOH formation from Bz-CHO are appreciably high
in all aerobic oxidations performed at 120 °C. This finding
clearly shows that either Bz-CHO formation from Bz-OH or
Bz-COOH formation from Bz-CHO can be effectively catalyzed

This journal is © The Royal Society of Chemistry 2024
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Table 2 The apparent first order rate constants for the formation of Bz-
CHO and Bz-COOH in the serial reaction system for aerobic oxidation of
benzyl alcohol with MIL-100(V) as the catalyst

Catalyst (mg mL™") Temperature (°C) k (b7 k, (b
8 80 0.27 0.03
16 80 0.33 0.02
32 80 0.50 0.003

8 120 3.96 2.93
16 120 3.93 2.98
32 120 3.88 3.42
Bz-OH (mM) Temperature (°C) k (b k, (b
48.1 80 0.89 0.006
96.2 80 0.98 0.003
192.4 80 1.54 0.003
48.1 120 5.88 4.86
96.2 120 3.96 2.93
192.4 120 3.92 2.40
Air flow rate (L min™") Temperature (°C) k (b k, (h™)
0.050 80 0.14 0.002
0.075 80 0.40 0.003
0.150 80 0.59 0.020
0.050 120 1.95 0.79
0.075 120 3.67 1.87
0.150 120 3.87 1.92
Catalyst (mg mL™") Temperature (°C) k (b k, (b7
32 60 0.06 0.002
32 80 0.50 0.003
32 100 2.33 0.59
32 120 3.88 3.42

ky: apparent first order rate constant for Bz-CHO formation from Bz-
OH, k,: apparent first order rate constant for Bz-COOH formation
from Bz-CHO.

by MIL-100(V) when the oxidation is conducted at a
satisfactorily high temperature such as 120 °C. However, the
rate constants obtained for Bz-CHO formation from Bz-OH
are higher with respect to those for Bz-COOH formation from
Bz-CHO for all runs given in Table 2. This finding indicates
that the first reaction is faster with respect to the second one
when MIL-100(V) is used as the heterogeneous catalyst.

0
y =-9297.9x + 21.28
2 r R = 0.9589
4 | ) E,, = 77.3 ki/mol
_ | e T ,'-4.
=
= Yo kg
8 | y=-17944x+42.675 ..
R? = 0.8924
-10 Ey,=149.2k/mol  ° e ® k
-12 1 1 1 1 ‘l 4
0.0025 0.0026 0.0027 0.0028 0.0029 0.003 0.0031

1/T (K1)

Fig. 7 Arrhenius plots of apparent first-order rate constants
determined for Bz-CHO and Bz-COOH formations by the serial
reaction system proposed for aerobic oxidation of Bz-OH using MIL-
100(V).
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e As expected, the apparent first order rate constants
determined for either Bz-CHO formation or Bz-COOH
formation increased with increasing temperature. The
Arrhenius plots for both rate constants are given in Fig. 7.
The apparent activation energies for Bz-CHO and Bz-COOH
formation reactions in the serial reaction system were
determined as 77.3 k] mol " and 149.2 k] mol™, respectively.
Note that the apparent activation energy calculated for Bz-
COOH formation from Bz-CHO is almost two times higher
with respect to that found for Bz-CHO formation from Bz-
OH. This property is a factor involving the higher reaction
rate for the catalytic reaction from Bz-OH to Bz-CHO. The
surface of MIL-100(V) is covered with negatively charged
carboxyl groups with hydrophilic character. The adsorption
tendency of Bz-OH onto the hydrophilic surface of the
catalyst is expected to be higher with respect to Bz-CHO since
Bz-OH is more hydrophilic than Bz-CHO. The higher
adsorption tendency of Bz-OH might be a factor involving the
higher rate in the catalytic reaction from Bz-OH to Bz-CHO
with respect to the catalytic reaction from Bz-CHO to Bz-
COOH.

e When air is used as the oxidant instead of molecular
oxygen, by using the same O, flow rate in the air flow,
particularly, the rate constant for Bz-CHO formation from Bz-
OH is lower with respect to the rate constant obtained with
molecular oxygen under the same conditions at 80 °C. The
values of rate constants both for first and second-stage
reactions decreased when air was used as the oxidant at 120
°C.

e The results show that MIL-100(V) is a unique
nanomaterial which is capable of catalyzing either Bz-CHO
formation from Bz-OH or Bz-COOH formation from Bz-CHO
in the aerobic oxidation of Bz-OH at the appropriate
temperatures. This property has not been observed yet with
the heterogeneous catalysts developed for catalytic,
photocatalytic and electrocatalytic Bz-OH oxidations.

3.4 Radical scavenging runs in aerobic oxidation of Bz-OH
with MIL-100(V)

In order to determine the radical types that were effective on
Bz-CHO and Bz-COOH formation stages, radical scavenging
runs were performed at 80° and 120 °C, respectively in the
aerobic oxidation of Bz-OH catalyzed by MIL-100(V), using O,
as the oxidant. In these runs, 1-AA, IPA and NaN; were used
as scavengers for singlet oxygen ('0,), hydroxyl (-OH) and
superoxide anion (O,) radicals, respectively. The
concentration of each scavenger was set to 10 mM. The
effects of different radical scavengers on the kinetic behavior
of the Bz-OH oxidation system is given in Fig. S3.} Bz-OH
conversions, product selectivities and product formation
yields obtained in the radical scavenging runs at 80° and 120
°C are given in Table 3.

As seen in Fig. S31 and Table 3, the Bz-CHO formation
kinetics was not affected by r-AA, while serious inhibitions
for Bz-CHO formation were observed in the presence of

Catal. Sci. Technol., 2024, 14, 6524-6536 | 6531
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Table 3 Benzyl alcohol conversions, selectivities and formation yields of products obtained in radical scavenging runs performed for aerobic oxidation

of benzyl alcohol using MIL-100(V)

Reaction conditions Scavenger type Cr (%) Spz-cro (%) FYg,-cao (%) Sgz-coon (%) FYg,-coon (%) TOF (h™)

32 mg mL ™" 80 °C No scavenger 100 98.1 +1.2 98.1 +1.2 3.0+1.1 3.0+1.1 18.4
L-AA 96.8 + 1.7 95.9+1.4 92.8+1.4 4.5+ 0.6 3.9+0.6 18.4
IPA 73.6 £1.2 86.8 + 0.9 63.9+0.9 8.8+1.3 9.7+1.3 8.9
NaNj; 84.5+2.1 77.1+1.4 65.1+1.4 22.6 £1.7 194 +1.7 9.8

8 mg mL ™" 120 °C No scavenger 100“ <0.1” <0.1” 100.3 +1.9 100.3 + 1.9 256.8
L-AA 100° <0.1” <0.1” 100 + 2.2 100 + 2.2 245.3
IPA 90.6 + 1.8 49.3 + 1.7 44.7 £ 1.7 50.7 + 2.0 45.9 £ 2.0 110.1
NaNj; 751 +1.7 23.9+1.8 179+ 1.8 761 +2.4 57.2+2.4 76.5

Cr: Bz-OH conversion, Sg,.cuo: Bz-CHO selectivity, FYg,.cuo: formation yield of Bz-CHO, Sg,.coon: Bz-COOH selectivity, FYg,.coon: formation
yield of Bz-COOH, TOF: turnover frequency at a total conversion of 80%. “ No peak belonging to Bz-OH was found in the HPLC chromatogram.

b Bz-CHO peak was very small in the HPLC chromatogram.

IPA and NaN; at 80 °C. As also seen in both Fig. S31 and
Table 3, Bz-COOH formation was seriously inhibited in
the presence of IPA and NaN; at 120 ©°C, while no
apparent change was observed in the Bz-COOH formation
kinetics with respect to Bz-OH oxidation containing no
scavenger at the same temperature. Note that the TOF
values determined in the presence of IPA and NaNj; at 80°
and 120 °C were considerably lower with respect to the
Bz-OH oxidations performed in the absence of these
scavengers (Table 3). The apparent first-order rate
constants in the radical scavenging runs determined
according to the serial reaction system proposed for
aerobic oxidation of Bz-OH with MIL-100(V) are given in
Table 4. The apparent first-order rate constants
determined with IPA and NaN; were considerably lower at
both temperatures, with respect to those found for Bz-OH
oxidations performed without wusing these scavengers
(Table 4). Hence, the inhibition of Bz-CHO formation at
80 °C and the inhibition of Bz-COOH formation at 120 °C
by either IPA or NaN; were confirmed by the apparent
rate constants determined with these scavengers. All these
findings clearly indicated that -OH and O," radicals were
strongly effective for Bz-CHO formation at 80 °C and Bz-
COOH formation at 120 °C in the aerobic oxidation of Bz-
OH catalyzed by MIL-100(V).

Table 4 The apparent first order rate constants in the radical scavenging
runs analyzed according to the serial reaction system for aerobic
oxidation of benzyl alcohol with MIL-100(V)

Reaction conditions Scavenger ky (h™h) ky (h™)

32 mg mL™" 80 °C No scavenger 0.50 0.003
L-AA 0.47 0.003
IPA 0.21 0.003
NaNj; 0.24 0.098

8 mg mL™" 120 °C No scavenger 3.96 2.93
L-AA 3.81 2.11
IPA 2.05 0.55
NaNj; 0.82 1.10

k,: apparent first order rate constant for Bz-CHO formation from Bz-
OH, k,: apparent first order rate constant for Bz-COOH formation
from Bz-CHO.

6532 | Catal Sci. Technol., 2024, 14, 6524-6536

MIL-100(V) exhibits lower substrate adsorption since it
possesses relatively weak Lewis acid centers available to the
reactants compared with other MIL-100 type catalysts (i.e.
MIL-100(Al), MIL-100(Fe), or MIL-100(Cr)).>*">**%7° Therefore
the catalyst is resistant against poisoning or irreversible
adsorption while preserving a satisfactorily high Bz-OH
conversion rate with appropriate Bz-OH adsorption.®® MIL-
100(V) also has a high surface area and a large number of
Lewis metal sites available to the reactants.®*’® The
observation of V() and V(iv) mixed valence states from core
level spectra for the V 2p scan indicates the presence of
coordinatively unsaturated metal sites (CUS) on the surface
structure of MIL-100(V).”" The combination of accessible
metal sites with different oxidation states and the enhanced
porous properties providing a large surface area should be
likely responsible for the high catalytic activity of MIL-100(V)
in the aerobic oxidation of Bz-OH.””

By considering the radicals which are effective on the
aerobic oxidation of Bz-OH with MIL-100(V), a schematic
description of the reaction mechanism is given in Fig. 8
for two different temperatures (i.e. 80° and 120 °C). The
aerobic oxidation of Bz-OH with MIL-100(V) can be divided
into three stages for Bz-CHO formation at 80 °C (Fig. 8A).
The first stage is the adsorption of Bz-OH onto V(ur)-CUSs
to create H' and to release electrons. In the second stage,
the reactive H' atoms merge with molecular oxygen to
form -OH radicals. The released electrons also attack
molecular oxygen to form O," radicals. The last stage is
the formation of Bz-CHO at 80 °C, and its desorption
from the surface of MIL-100(V) (Fig. 8A). At temperatures
higher than 80 °C (i.e. 100° or 120 °C), a similar reaction
scheme also involving the participation of -OH and O,
radicals is also followed for further oxidation Bz-CHO to
Bz-COOH started by the adsorption of Bz-CHO onto V(u)-
CUSs (Fig. 8B).

3.5 Recyclability of MIL-100(V) in the aerobic oxidation of Bz-
OH

The recyclability behavior of MIL-100(V) in the aerobic
oxidation of Bz-OH conducted at two different

This journal is © The Royal Society of Chemistry 2024
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Stage 1
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Generation of radicals

Formation and desorption of products

Fig. 8 The reaction mechanism proposed based on the radical scavenging runs performed for aerobic oxidation of Bz-OH using MIL-100(V). (A)

Bz-CHO formation and (B) Bz-COOH formation.

temperatures (i.e. 80 and 120 °C) is given in Fig. 9. The
Bz-OH conversion and Bz-CHO formation yield decreased
by 7.7% and 5.2%, respectively, over 5 consecutive
oxidation runs performed at 80 °C. On the other hand,
3.3% lower Bz-OH conversion and 10.3% lower Bz-COOH
formation yield were obtained over 5 consecutive oxidation
conducted at 120 ©°C. MIL-100(V) exhibited a
satisfactorily stable catalytic activity in the Bz-OH oxidation
runs performed for obtaining Bz-CHO and Bz-COOH as
the main products. No significant change was observed
either in the morphology or crystalline structure of MIL-
100(V) after wusing five consecutive oxidation runs
performed at 80° and 120 °C (Fig. S4 and S5f). XPS
spectra of MIL-100(V) samples obtained after 5 consecutive
oxidation runs performed at 80° and 120 °C are given in
Fig. S6.f V(m) and V(iv) valence states were also observed
in the core level spectra for the V 2p scan of MIL-100(V)
samples obtained after the recyclability runs performed for
obtaining Bz-CHO and Bz-COOH (Fig. S6t). The V(um)/V(w)
ratio was calculated as 0.47 using the core level spectra
for the V 2p scan of as-synthesized MIL-100(V) (Fig. 3A).
V(u)/V(v) ratios of MIL-100(V) samples used in the
oxidation runs providing Bz-CHO and Bz-COOH as the
main products were determined as 0.32 and 0.37,
respectively using their core level spectra for the V 2p
scan. This comparison indicated that the V(m) content of
MIL-100(V) moderately decreased after being used in the
Bz-OH oxidation runs made at 80° and 120 ©°C. The
deconvoluted peaks belonging to the functional groups
which were identical with those of unused MIL-100(V)
were also observed in the core level spectra for the C 1s
scan and O 1s scan recorded with MIL-100(V) samples
obtained from the recyclability runs performed at either
80° or 120 °C (panel A and B in Fig. S6t1).

runs

This journal is © The Royal Society of Chemistry 2024

4. Conclusion

In most of the oxidation processes used for Bz-OH, the
oxidation protocol allows the synthesis of a single product
with high selectivity. Bz-CHO is the main product in the
oxidations performed using molecular oxygen or chemical
oxidation agents at temperatures ranging between 80 and 120
°C. On the other hand, electrocatalytic oxidation is another
approach providing Bz-COOH as the main product with high
selectivity. A limited number of studies on the visible light
driven photocatalytic oxidation of Bz-OH provided Bz-CHO or
Bz-COOH with high yields by changing the chemical
structure of the catalyst or the solvent used as the oxidation
medium. In our case, MIL-100(V) is proposed as a
heterogeneous catalyst allowing Bz-CHO or Bz-COOH to be
obtained with almost quantitative yield and quantitative Bz-
OH conversion by only changing the temperature performed
using the same solvent and without changing the chemistry
of the catalyst. Hence, the synthesized catalyst provided a
new path to overcome the selectivity problem for either Bz-
CHO or Bz-COOH in the aerobic oxidation of Bz-OH. Another
superiority of MIL-100(V) is the simplicity of the synthesis
protocol based on a one-pot reaction between VCI; as the
metal precursor and triethyl-1,3,5-benzenetricarboxylate as
the organic ligand. The intrinsic catalytic activity of MIL-
100(V) in aerobic oxidation is another advantage. Oxidation
rates with almost the same order of magnitude observed with
precious metal based -catalysts (such as PdAu@SiO, or
Pd@Mn;0g etc.) could be achieved using MIL-100(V) in the
aerobic oxidation of Bz-OH. MIL-100(V) should have a lower
production cost as a transition metal catalyst with respect to
those containing noble metal based active sites. The
evaluation of MIL-100(V) in the aerobic oxidation of
alkylbenzenes such as toluene/ethylbenzene may also provide

Catal. Sci. Technol., 2024, 14, 6524-6536 | 6533
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Fig. 9 (A) The variation of Bz-OH conversion and Bz-CHO formation

yield with the run number in the recyclability runs performed at 80 °C.
(B) The variation of Bz-OH conversion and Bz-COOH formation yield
with the run number in the reusability runs performed at 120 °C.
Common conditions: DEGDME: 2.5 mL, initial Bz-OH concentration:
96.2 mM, O, flow rate: 0.015 L min %, MIL-100(V) concentration for the
runs performed at 80 °C: 32 mg mL™, MIL-100(V) concentration for
the runs performed at 120 °C: 8 mg mL™.

interesting results by tuning the product selectivity in a broad
spectrum. The synthesis of heterogeneous catalysts in the
form of MIL-100 using triethyl-1,3,5-benzenetricarboxylate as
the organic ligand with different metal precursors may also
give heterogeneous catalysts for various organic reactions
different than oxidation of alcohols.
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