<RNE,

‘t Kobe University Repository : Kernel

PDF issue: 2025-12-04

Effect of Ligands within Vanadium Complex
Encapsulated in Y Zeolite Catalysts on Liquid-
phase Benzene Oxidation

Tani, Shotaro
Ichihashi, Yuichi

(Citation)
Journal of the Japan Petroleum Institute, 67(2):80-88

(Issue Date)
2024-03-01

(Resource Type)
journal article

(Version)
Version of Record

(Rights)
© 2024 by The Japan Petroleum Institute
© 2024 N HEABHRESR

(URL)
https://hdl. handle. net/20.500. 14094/0100488720

KOBE
\j].\]\'l:lihl Y
J

%)



80

[Regular Paper]

Journal of the Japan Petroleum Institute, 67, (2), 80-88 (2024)

Effect of Ligands within Vanadium Complex Encapsulated
in Y Zeolite Catalysts on Liquid-phase Benzene Oxidation

Shotaro Tani "D and Yuichi Icamasar* 7 D-12)

D Dept. of Chemical Science and Engineering, Graduate School of Engineering, Kobe University,
Rokkodai, Nada-ku, Kobe 657-8501, JAPAN
T2 Research Center for Membrane and Film Technology, Graduate School of Engineering, Kobe University,
Rokkodai, Nada-ku, Kobe 657-8501, JAPAN

(Received September 26, 2023)

Vanadium-loaded catalysts used in direct liquid-phase oxidation of benzene have low reusability attributable to

the elution of V species into the reaction solution.

Herein, V complexes were encapsulated in Y zeolite to pre-

vent the elution of V species in the catalyst used for phenol formation during the direct oxidation of benzene in the

liquid phase.
species using solutions containing different ligands.
the encapsulated V complex catalyst.
influenced by the ligand effect.

V complex catalysts encapsulated in Y zeolite were prepared by mixing Y zeolite loaded with V
Using acetic acid as the solvent improved the reusability of
The catalytic activity of the V complex catalyst for phenol formation was
Density functional theory (DFT) calculations indicated that the type of ligand

also affected the energy gap between V3" and V**, which is directly related to phenol formation in the present

reaction.
zene.

Keywords

DFT calculations were further used to identify the mechanism for the liquid-phase oxidation of ben-

Benzene oxidation, Phenol synthesis, Vanadium encapsulated catalyst, Y zeolite, Partial oxidation

1. Introduction

Selective catalytic oxidation reactions of hydrocar-
bons have significant industrial applications, such as the
production of alcohols, aldehydes, ketones, carboxylic
acids, and epoxides”™®. Consequently, an economi-
cal, low-energy, and green catalytic process for these
industrial products is sought after and has been actively
researched.

Phenol is an important chemical with diverse appli-
cations in resins, fibers, and medicines. The current
industrial cumene production process has a 5 % yield
with 95 % selectivity for phenol and produces an equi-
molecular amount of acetone as a byproduct. The cu-
mene process is widely used in chemical industries be-
cause of its high selectivity and demand for acetone.
However, this high-energy method requires a three-step
reaction and a distillation process to separate the prod-
ucts and reactants. Therefore, the direct oxidation of
benzene is an economically desirable process for phe-
nol production without forming byproducts. Numer-
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ous researchers have investigated the selective oxidation
of benzene in the one-step synthesis of phenols. In
particular, Panov et al.”*®, Yoo et al.”, Jia et al.'?, and
Horvith et al.'V reported the gas-phase oxidation of
benzene to phenol over Fe-loaded catalysts under an
N20 atmosphere. They achieved a yield of 4.2 % with
>95 % selectivity for the gas-phase hydroxylation of
benzene using a mixture of air and ammonia over cop-
per-based phosphate catalysts. A few researchers have
also reported the liquid-phase hydroxylation of benzene
using TEMPO'? or hydrogen peroxide'>™!?.  With
increasing demand for environment friendly and
cost-effective chemistry, there is a growing demand for
the catalytic oxidation of benzene employing green oxi-
dants, such as O, with few additives'®~2%.  Although
typical oxidants, such as N>O, give high yields of prod-
ucts they are too expensive for practical purposes.
Therefore, a one-step synthesis of phenol from benzene
without additives is desirable for industrial applications.

We have previously investigated the direct oxidation
of benzene in the liquid phase using V-loaded catalysts
and molecular 02*%).  However, the used catalysts
had a low reusability, which was attributed to the elu-
tion of V species into the reaction solution. We ex-
plored a method that prevents V species from eluting
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into the reaction solutions by preparing V complex cat-
alysts in Y zeolite within the zeolite pores. This ap-
proach offers several advantages, including the transfor-
mation of the homogeneous catalyst into a heterogeneous
one and enhanced catalyst reusability. The interaction
between the supported zeolite and the complex sup-
presses steric hindrance and elution of the active spe-
cies. When the V-complex-encapsulated Y zeolite cat-
alyst was used for the liquid-phase oxidation of
benzene, the catalyst’s reusability was improved. Fur-
thermore, the catalytic activity differed depending on
the coordination of the encapsulated complex. In this
study, we prepared a V-complex-encapsulated Y zeolite
catalyst using p-substituted benzoic acid as a ligand and
evaluated its activity for the one-step synthesis of phe-
nol through the direct oxidation of benzene. The ef-
fects of the ligands on reaction activity and the mecha-
nism of this reaction were also investigated. Moreover,
we attempted to elucidate the benzene liquid-phase oxi-
dation reaction mechanism using quantum chemical
calculations and examined the oxidation process in de-
tail.

2. Experimental

2.1. Material

Benzene, ascorbic acid, acetic acid, sucrose, sulfuric
acid, glucose, fructose, potassium permanganate, and
aqueous solution of 30 %w/w hydrogen peroxide
(Nacalai Tesque, Inc., guaranteed reagent) were used as
received without further purification.
2.2. Preparation of Catalyst
2.2.1. Preparation of V Complex Catalysts En-

capsulated in Y Zeolite

V complex catalysts encapsulated in Y zeolite were
prepared through ion exchange with H-Y zeolite. Ion
exchange was performed by adding H-Y zeolite
(Zeolyst, Si02/A1203 =35, 3 g) to an aqueous vanadium
(IV) oxide sulfate solution and leaving it at 353 K for
48 h. The mixture was then filtered, washed, and dried
overnight at 393 K. The oxovanadium ion was anchored
on the Y zeolite and designated as V-Y. V-Y and vari-
ous ligands were dispersed in methanol, and the mix-
ture was refluxed with stirring at 333 K for 20 h, fil-
tered, and washed with methanol. The obtained solid
was refluxed with continuous stirring at 333 K for 5h
in methanol, filtered, washed with methanol, and dried
at 393 K for 24 h to obtain the V complex catalyst en-
capsulated in Y zeolite. Benzoic acid (BA), p-amino-
benzoic acid (ABA), p-hydroxybenzoic acid (HBA),
p-methylbenzoic acid (MBA), p-chlorobenzoic acid
(CBA), and p-nitrobenzoic acid (NBA) were used as li-
gands.
2.2.2. Preparation of V-loaded Y Zeolite Catalyst

The V-loaded Y zeolite catalyst was prepared by stir-
ring the H-Y zeolite and vanadium oxide sulfate in
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methanol, evaporating to dryness in a hot water bath,
and drying overnight at 393 K. The obtained solid
was denoted as V/H-Y.
2.2.3. Preparation of Ligand-loaded Y Zeolite
Catalysts
Ligand-loaded Y zeolite catalysts were prepared by
stirring the H-Y zeolite and various ligands in metha-
nol, evaporating to dryness at 333 K in a hot water bath,
and drying overnight at 393 K. The obtained solid
was denoted as PA/H-Y.
2.3. Catalyst Evaluation
2.3.1. Liquid-phase Oxidation of Benzene
A 0.5 mL sample of benzene (5.6 mmol), catalyst
(0.1 g), sucrose (0.4 mmol), and 5 mL of an aqueous
acetic acid solution (20 vol%) were added to a stainless
steel pressured reactor (Taiatsu Glass Co.; inner diame-
ter, 1.7 cm; height, 11.2 cm)?®. Oxidation was con-
ducted for 20 h under stirring using a magnetic stirrer at
353 K in an O atmosphere of 0.4 MPa. After oxida-
tion, 5 mL of 2-propanol containing toluene (0.5 vol%),
which was confirmed to be unchanged during the
after-treatment, was added to the reaction mixture as an
internal standard. After the centrifugal separation of
the solid catalyst, the reaction products were analyzed
using HPLC (JASCO Corp.). The used catalysts were
washed thrice with acetone, dried overnight at 393 K,
and recycled for the next reaction.
2.3.2. Using Hydrogen Peroxide Reaction Per-
formed under the Following Condition
A 0.5 mL sample of benzene (5.6 mmol), catalyst
(0.1 g), sucrose (0.4 mmol), and 1 mL of an aqueous
hydrogen peroxide solution (30 wt%) were added into a
stainless-steel pressured reactor (Taiatsu Glass Co.;
inner diameter, 1.7 cm; height, 11.2 cm). The reaction
mixture was oxidized for 90 min under stirring using a
magnetic stirrer at 353 K under an N> atmosphere of
0.4 MPa.
2.3.3. Determination of the Amount of Hydrogen
Peroxide Generated
Catalyst (0.1 g), sucrose (0.4 mmol), and 5 mL of an
aqueous acetic acid solution (20 vol%) were added to a
stainless-steel pressured reactor (Taiatsu Glass Co.;
inner diameter, 1.7 cm; height, 11.2 cm). Oxidation
was conducted for 20 h under stirring using a magnetic
stirrer at 353 K in an O atmosphere of 0.4 MPa. Sul-
furic acid (1 mL) was added to 5.5 mL of the solution
after reaction, and the volume was made up to 30 mL
with distilled water. Titration was then carried out
using 0.02 mol/L potassium permanganate.
2.4. Characterization
X-ray diffraction (XRD) patterns of fresh and used
catalysts were collected at 298 K using a Rigaku RINT
2000 XRD instrument with a Cu Ko source. Samples
were step-scanned from 20 =5.0° to 60.0°, with 0.02°
steps and 1.0 scanned counts.
Nitrogen physisorption measurements were per-
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Table 1 Chemical Composition and Physical Properties of Catalysts
Catalyst V loading BET surface area
[mmol/g] [m¥g]
H-Y (Si/Al=2.5) - 702
V-Y 0.89 343
V(BA)-Y 0.70 405
V(ABA)-Y 0.59 455
V(HBA)-Y 0.57 463
V(MBA)-Y 0.62 437
V(CBA)-Y 0.70 389
V(NBA)-Y 0.68 420

formed using a BELSORP-mini instrument (Microtrac-
BEL Corp.) at 77 K. The samples were purged with
nitrogen for 2 h at 393 K before the measurements.

UV-vis spectra were measured using a V-650CA
(JASCO Corp.) spectrometer to evaluate the band gap
energy.

Fourier transform infrared (FTIR) spectra were re-
corded on a NICOLET 380 spectrometer using the KBr
disk method to confirm the presence of ligands. Spec-
tra were generated, collected 200 times and corrected
for background noise.

The ligand elimination was monitored using a ther-
mogravimetry-differential thermal analysis (TG-DTA)
instrument (DTG-60, Shimadzu Corp.).

The V content of catalysts was measured on a Rigaku
Primini X-ray fluorescence spectrometer.

The hydrogen peroxide content of the reaction solu-
tion was measured through potassium permanganate ti-
tration.

3. Results and Discussion

3.1. Characterization of V Complexes Encapsu-
lated in Y Zeolite Catalyst

Physical Properties of V-loaded and V

Complex-encapsulated Catalysts

V loading and the Brunauer-Emmett-Teller (BET)
surface areas are listed in Table 1. V-Y showed the
highest V loading and the largest decrease in surface
area compared to that of the H-Y zeolite. The ion-ex-
change ratio of V-Y was 48 %, and almost all the
ion-exchange sites were replaced by V, indicating that
V covers the surface of the zeolite and blocks the pore
entrance. This finding might be attributed to the large
decrease in the surface area of V-Y. In the V-com-
plex-encapsulated in the Y zeolite catalyst, a lower V
loading and higher BET surface area compared to those
of V-Y were observed. The pores in the Y zeolite have
a pore diameter of 7.4 nm and a super cage with a di-
ameter of 1.4 nm in the pore, indicating that the number
of V complexes encapsulated in the pores was limited.
Therefore, the non-complexed V and the V blocking the
pores were removed by washing after complex forma-

3.1. 1.
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tion, decreasing the V loading and increasing the BET
surface area.
3.1.2. TG-DTA

The difference in the TG-DTA behavior of the V-Y
and V complex-encapsulated catalysts is shown in
Fig. 1(a). The weight-loss curve of the V-com-
plex-encapsulated catalyst comprises three steps. The
first step, at about 25-100 °C, is due to the desorption of
water from the catalyst. The second step, at 100-
300 °C, is the desorption of water adsorbed on the acid
sites of the zeolite. The third step, above 300 °C, is
due to the elimination and the combustion of the ligand.
The third peak was observed only for the V-com-
plex-encapsulated catalyst. This finding indicates that
a ligand was present in the V-complex-encapsulated
catalyst. Figure 1(b) shows the TG-DTA results for
BA/V-Y, a catalyst with a ligand loaded on V-Y by the
impregnation method, and V(BA)-Y. In BA/V-Y, the
exothermic peak derived from the combustion of the li-
gand was observed at about 400 °C. Conversely, the
peak was around 500 °C in V(BA)-Y. This peak shift
was attributed to the ligand binding to V through com-
plex formation, which makes the ligand more difficult
to be desorbed from the catalyst than in the state where
the ligand is dispersed on the carrier. Therefore, the
exothermic peak of V(BA)-Y, corresponding to the
burning of the ligands, shifted to a higher field owing to
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the burning of the ligands.
3.1.3. FTIR Measurement

The FTIR spectra of V-Y and V(BA)-Y are shown in
Fig. 2(a). The V complex-encapsulated catalyst ex-
hibited a peak at approximately 1600 cm™!, which is as-
signed to aromatic C =C stretching?®, suggesting the
presence of ligands in the catalyst. Figure 2(b)
shows the FTIR spectra of V(BA)-Y and H-Y zeolites
treated with a benzoic solution (BA/H-Y). This zeo-
lite was obtained by stirring the H-Y zeolite in the li-
gand solution for 20 h, followed by filtration, washing,
and drying. The FTIR spectra of V(BA)-Y and BA/
H-Y showed no peak at approximately 1600 cm™.
The ligand did not remain in the catalyst when V was
absent. The peak derived from the ligand in the
V-complex-encapsulated catalyst indicates that the li-
gand is coordinated with the V species in the catalyst.
3.2. Evaluation of the Catalytic Activity of

V-loaded and V Complex-encapsulated Cata-
lysts

The results of the liquid-phase oxidation of benzene
over the V-Y and V complex-encapsulated catalysts are
shown in Table 2. Run 1 shows the phenol yield ob-
tained using the fresh catalyst. In Run 2, the catalyst
used in Run 1 was recycled, washed, and reused. The
reusability of the V-loaded catalyst by the ion exchange
method was extremely low because V, which works as
the active species, was eluted into the reaction solution.
By contrast, the V-complex-encapsulated catalyst ex-
hibited improved reusability. Consequently, the V
complexes were confined in the pores of the Y zeolite,
preventing their elution into the reaction solution and
prolonging the life of the catalyst.

Upon comparing the turnover number (TON) of each
catalyst, it becomes evident that TON differs depending
on the ligand of the complex, and the catalytic activity
of the encapsulated catalyst was higher than that of the
V-Y catalyst.

3.3. Relationship between Hydrogen Peroxide
Generation and Phenol Generation Activity

The catalytic activity of certain catalysts can be con-
firmed through hydrogen peroxide generation. There-
fore, the yield of hydrogen peroxide produced during

Table 2 Phenol Production Activity Catalyzed Using Various V Catalysts

Yield of phenol [mmol/g-cat] i
Catalyst V content TON Reusability

[mmol/g-cat.] Run 1 Run 2% [%]
V-Y 0.89 2.25 0.29 2.5 13
V(ABA)-Y 0.59 3.45 2.76 5.8 80
V(HBA)-Y 0.70 1.78 1.12 25 63
V(MBA)-Y 0.57 3.04 2.35 5.3 77
V(BA)-Y 0.68 1.44 0.89 2.1 62
V(CBA)-Y 0.62 2.15 1.65 35 71
V(NBA)-Y 0.59 3.45 2.76 5.8 80

a) Run 2 shows phenol formation activity over the reused catalyst.
J. Jpn. Petrol. Inst., Vol. 67, No.2, 2024
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Fig. 4 Structures of V(BA) and V(NBA) in Each Reaction Stage

the reaction of the V-complex-encapsulated catalysts
with different ligands was investigated, as shown in
Fig. 3. In the reaction to produce phenol, hydrogen
peroxide is formed as a reaction intermediate. The
amount of hydrogen peroxide generated is directly re-
lated to phenol-forming activity. Thus, the generation
of hydrogen peroxide appears to be the rate-determin-

J. Jpn. Petrol. Inst.,

Table 3 Formation Enthalpy of Vanadium Complexes by DFT

Calculations
Energy gaps ® [kcal/mol]
V complex
B C D E
V(BA) 0 +29.7 +23.7 +32.8 +21.3
V(NBA) 0 +26.1 +24.1 +33.4 +21.3

a) Energy gaps of formation enthalpy between state A and B-E in
Fig. 4.

Sucrose

A. VO(BA)+2H,0 ———> VOH(BA)+H,0+H;0

B. VOH(BA)+0, ——>  VOH(BA)...0=0

C. VOH(BA)...0=0+H,0 ——> VOH(BA)-O-O-H + H,0

D. VOH(BA)-O-OH+H;0 —> E. VO(BA) + HOOH + H,0

Scheme 1 Reaction Steps of Hydrogen Peroxide Formation Reac-

tion over V Complex

ing step in this reaction.
3.4. Examination of Hydrogen Peroxide Genera-
tion Process Using DFT Calculation

The rate-limiting step of phenol formation was stud-
ied by calculating the energy diagram of the process of
producing hydrogen peroxide. The role of the V com-
plex in the assumed reaction process was confirmed
using DFT calculations, and the formation enthalpy of
the structure was obtained. Figure 4 shows the struc-
tures of the complexes, and the energy gaps based on
initial stage A of the reaction are summarized in
Table 3. A-E in Table 3 correspond to A-E in
Scheme 1 and Fig. 4. The formation enthalpy of A
was set to zero, and the difference in the enthalpy of
B-E was calculated. Structure A indicates the mini-
mum enthalpy of formation in A-E. In Scheme 1, the
energy gap between stages A and B was the largest,
suggesting that the reduction of the V complex, the re-
action from stage A to stage B, has the largest energy
barrier. Additionally, the ease of progress of the re-
duction reaction of the V complex from stage A to stage
B significantly affected hydrogen peroxide production.
Therefore, it was presumed that the factor that leads to
different catalytic activities among the V complex cata-
lysts with different ligands is the size of the energy bar-
rier for the reduction of each V complex. Therefore,
the energy gap for reducing the V complex with differ-
ent ligands was calculated and compared with the re-
spective hydrogen peroxide-producing activities.

Table 3 shows the calculation results for the energy
barrier of the reduction of the V complex. Figure 5
shows the energy gap between V3* and V4" and the
amount of hydrogen peroxide generated. As shown in
Fig. 5, a strong correlation was observed between the

Vol. 67, No.2, 2024
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amount of hydrogen peroxide produced and the energy
barrier during the reduction of the V complex. This
finding suggests that the reduction of the V complex
was the rate-limiting step in hydrogen peroxide genera-
tion. The stability of stage B of the V complex varied
according to the ligand species, and the energy barrier
changed simultaneously.
3.5. Reduction Process of V Complex

The change in the valence of the V species in the re-
action solution was examined using UV-vis measure-
ments to confirm that the V species were reduced during
the reaction. The vanadyl acetylacetonate complex
(VO(acac)2) was used as the model complex instead of
VO(BA).. VO(acac), solution was reacted with su-
crose under reaction conditions without benzene, the
reactant and the solution before and after the reaction
were analyzed using UV-vis spectroscopy, and the re-
duction of the V species by sucrose was observed.
The results are shown in Fig. 6. In the UV-vis spec-
trum of the VO(acac)> solution before the reduction re-
action, a peak was observed at 308 nm, which was at-
tributed to the V** d-d transition absorption of
VO(acac)z. In the UV-vis spectrum of the VO(acac):

J. Jpn. Petrol. Inst.,
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solution after the reduction reaction, the peak at 308 nm

decreased, and the peak at 270 nm increased. The

peak at 270 nm was assigned to V3" species, indicating
that V4* was reduced to V3*. This result confirms the
reduction of the V species.

In the presence of hydrogen peroxide, the oxidation
of V4" to V3* was observed in the V complex with two
molecules of quinaldic acid as ligands (VO(QA)2) (see
Fig. S1). V3% oxidized by hydrogen peroxide was
also shown to be re-reduced to V#* in the presence of
sucrose (see Fig. S2). These results suggest that the
V species in the complex are reduced by sucrose and
oxidized by the produced hydrogen peroxide as an in-
termediate in the reaction process.

3.6. Possible Pathways of Benzene to Phenol Con-

version

We explored two possible pathways for converting
benzene to phenol, as shown in Scheme 2. Consider-
ing that the activity of peroxy acid is high because of its
-OOH structure, peroxy acid (V-OOH) was utilized in
the benzene oxidation reaction; the mechanism is
shown in path A. Meanwhile, we assumed that hydro-
gen peroxide is produced by the decomposition of
V-OOH and then subsequently reacts with benzene.
This alternate path is denoted as path B.

3.6.1. Phenol Production via the Reaction be-
tween Benzene and the Intermediate
V-OOH Structure (path A)

The intermediate with a V-OOH structure can be con-
sidered to be generated with protons during the oxygen
activation process. Because the V-OOH structure is a
type of peroxidic acid, it may have a high reaction ac-
tivity. Here, we studied the reaction pathway between
benzene and an intermediate with a V-OOH structure.
The energy diagram for path A is shown in Fig. 7.
DFT calculations showed that the O in the V-OOH
structure is inserted into the C-H bond of benzene, and
protons migrate toward O, producing phenol.

During this process, 330 kJ/mol of energy is required
for inserting O, and 52 kJ/mol of energy is required to
move protons. This enormous energy barrier renders
path A unsuitable and impractical for this reaction.

No. 2, 2024
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3.6.2. Phenol Production via the Reaction be-
tween Hydrogen Peroxide and Benzene
(path B)

The path of the production of hydrogen peroxide
from the intermediate with V-OOH was studied. An
energy diagram of this path is shown in Fig. 8. The
protons, combined with V, migrate to -OOH to produce
hydrogen peroxide, which is then separated from V.
The activation energy for this process was 103 kJ/mol.
Although the reaction between benzene and hydrogen
peroxide was discussed, the mechanism for phenol pro-
duction involving the movement of hydrogen peroxide
molecules toward benzene remains unclear. Based on
the detection of V3* atoms in this experiment, a path-
way for this reaction was explored when the V4* cata-
lyst was oxidized to the V37 catalyst by hydrogen per-
oxide.

An energy diagram of the phenol production path,
catalyzed by the V3 catalyst derived from the reaction
with hydrogen peroxide, is shown in Fig. 9. Benzene
reaches the V>* catalyst, and -OH reacts with benzene
as an electrophilic catalyst, forming carbon radicals.
The H atoms were separated from the C-H bonds in
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benzene under the effect of the catalyst, forming phe-
nol. The activation energy for -OH to bond to benzene
is 96 kJ/mol, and the separation of H requires 140 kJ/
mol. Path B requires only 140 kJ/mol of energy,
which is lower than that of path A. Therefore, the
phenol production reaction followed path B, where hy-
drogen peroxide forms and reacts with benzene on the
pentavalent catalysts.
3.7. Hydrogen Peroxide Formation Pathway

The energy diagram for the solvent conditions is
shown in Fig. 10. Even under solvent conditions,
there was no significant change in the direction of the
reaction or the structure of the intermediate. However,
solvents substantially influence the reactants and prod-
ucts, leading to a lower activation energy than vacant
conditions. The activation process of Oz and the
movement of H> forms hydrogen peroxide, with activa-
tion energies measuring 49.7 kJ/mol and 106 kJ/mol,
respectively.
3.8. The Calculation of the Pathway of Phenol

Formation

Path B was more feasible than path A in a vacuum.
Therefore, path B was placed in a solvent, and the acti-
vation energy was calculated under conditions similar
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to those of a real reaction. Figure 11 shows an ener-
gy diagram of the phenol formation pathway when path
B occurs in water. Benzene reaches the V>* catalyst,
and -OH reacts with benzene as an electrophilic cata-
lyst, forming carbon radicals.

The H atoms were separated from the C-H bonds in
benzene under the effect of the catalyst, forming phe-
nol. The activation energies for -OH to bond to ben-
zene are 89 kJ/mol and 132 kJ/mol to separate H. Be-
cause only 140 kJ/mol of energy is needed for path B,
there is no notable difference between the vacuum and
solvent conditions. It is believed that the reaction pro-
ceeds by changing the valence of V, and the overall
charge is regarded as 0; thus, ideal data can be obtained
even without solvent conditions.

3.9. Phenol Formation Reaction with Hydrogen
Peroxide

Subsequently, the influence of the ligand of the V
complex on the hydrogen peroxide oxidation of ben-
zene after the generation of hydrogen peroxide was ex-
amined. The oxidation reaction of benzene was per-
formed using hydrogen peroxide as an oxidizing agent.
The results are shown in Fig. 12. No difference was
observed in the phenol yield with any of the V-com-
plex-encapsulated catalysts, indicating that the oxida-
tion of benzene with hydrogen peroxide occurs rapidly,
with the ligand of the V-complex exerting minimal in-
fluence on this process.

Therefore, the catalytic activity varies depending on
the type of ligand of the V complex because the ease of
the redox progress of the V complex varies depending
on the complex. This step was identified as the
rate-limiting step in the present reaction.

4. Conclusions

Various characterization results suggested that the V
complex was formed within the cage of the Y-type zeo-
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lite. Furthermore, it was confirmed that catalyst reus-
ability significantly improved in a liquid-phase phenol
synthesis reaction compared to the conventional im-
pregnation method of V loading. In addition, catalytic
activity differed depending on the type of complex; the
smaller the energy gap between V3" and V47, the high-
er the phenol-forming activity. This energy gap was
related to hydrogen peroxide production, a reaction in-
termediate. Thus, the reaction mechanism of the pres-
ent reaction was determined based on the rate of hydro-
gen peroxide generation. Finally, DFT calculations
revealed the mechanism of liquid-phase benzene oxida-
tion with the V-complex-encapsulated Y zeolite.

Supporting Information

Supplementary data associated with this article can
be found in the online version at https://jstage.jst.go.jp/
browse/jpi/-char/en (DOI: doi.org/10.1627/jpi.67.80).
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