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Chapter 1: General introduction

1.1 Synthesis of phenol from benzene

Organic synthetic chemistry plays an important role in the manufacture chemicals including
pharmaceuticals, pesticides, and food additives which are an integral part of people’s daily life [1,
2]. Among these chemicals, phenol (hydroxybenzene) is an important example since it is a precursor
of the industrial production of many materials and useful compounds [3-6]. For example, phenol is
used to make bisphenol A, which is important to produce polycarbonates. Another example is that
phenolic resin is product from the reaction between phenol and substituted phenol with
formaldehyde. Phenol is also can be reduced to cyclohexanol which is important for the polyamides
production. Nowadays, annual production of phenol is 8.9 million tonnes worldwide and almost of
them (~95%) is industrially produced from benzene by the three-step cumene process. This process
is energy consuming due to the requirement of high temperature and high pressure. Moreover, the
highly explosive cumene hydroperoxide is produced as an intermediate, while equal amount of

acetone as byproduct was produced in the cumene process (Fig. 1).
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Fig. 1 Reaction steps for phenol synthesis via the cumene process

In the first step, benzene and propene were react in the presence of acid catalysts. The excess
benzene is necessary to prevent the polyalkylations and the side-reactions of the oligomerization of
propene. Zeolite was also utilized as a more environmental catalyst in this reaction process.
However, the formation of isomers other than cumene decreased the selectivity.

In the second step, the cumene converted to cumene hydroperoxide in the presence of little
amount of radical initiator (such as benzoyl peroxide) at air atmosphere. Then, the reaction was
catalyzed by cumene hydroperoxide at 77-117 °C and 1-7 atm pressure.

Finally, the phenol and acetone were produced after adding sulfuric acid to react with cumene

hydroperoxide at 40-100 °C. Then, the products can be separated from distillation columns. The



overall phenol yield is about 5% by this cumene process. Due to the disadvantage of cumene process,
it is highly desirable to develop alternative synthesis process which is more efficient and
environmentally benign.

In this context, great interest has been devoted to the one-pot oxidation of benzene to phenol by
various oxidant reagents (Fig. 2). However, this goal is not easy based on the experimental results
published up to now, even the high benzene conversion is possible. Table 1 shows the
thermodynamic data of the benzene, phenol and oxidants, which indicates that the benzene oxidation

reaction is irreversible, and 100% conversion is possible.

OH

Nzo, H202, 02 (Odeant)

Catalysts
Benzene Phenol

Fig. 2 One-pot oxidation of benzene to phenol

Table 1 Standard heat of reaction and standard Gibbs free energy for benzene, phenol and oxidants

Component AH® at 298 K (KJ/mol) AG® at 298 K (KJ/mol)
Reagent Benzene (1) 48.99464 124.34848
Benzene (g) 82.92688 129.66216
H,02 (1) -136.10552 -105.47864
Oxidant N20 (g) 82.04824 104.1816
02 (2)
Product Phenol (s) -165.01696 -50.4172
Phenol (g) -96.35752 -32.88624
H,O -285.82996 -237.178408

High phenol selectivity can be achieved by using strong oxidants such as NoO and H,O», but the
source of these oxidant is limited [7-11]. Dioxygen (O-) is a more promising oxidant because it is

easily available. For this reason, various homogenous and heterogenous catalysts have been utilized
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for benzene oxidation to phenol by using O as oxidant. However, the reported catalytic systems
usually use high temperature or high pressure since the low activity of benzene oxidation with O,.
For example, Wang et al., reported that benzene can be hydroxylated to phenol using a vanadium-
zirconium catalyst under 80°C at 3.0 MPa O, atmosphere [12]. Furthermore, overoxidation of
phenol can be easily occurred under this harsh reaction condition. Thus, some reductants such as H,
and CO were further utilized to active O under relative mild conditions. The addition of additional
reductants has increased the cost of the production of phenol.

In recent years, photocatalysts has been reported as a green alternative for benzene oxidation
reaction, since active species can be generated from both heterogenous and homogenous

photocatalysts after light irradiation under low temperature and pressure.

1.2 Photocatalysis for benzene oxidation to phenol

The most studied heterogenous photocatalysts are semiconductor-based materials. They showed
high activity under light irradiation, due to the generation of high activity species such as holes and
hydroxyl radical (Fig. 3) [13]. Typically, the light-induced electron generated from conduction band
(CB) is active for various reduction reactions such as H» production and CO; reduction. On the other
hand, the oxidation reactions will be occurred at the valence band (VB) because the generation of
holes. These oxidation reactions are widely utilized to the degradation of pollutants in both liquid

and gas phase.
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Reduction
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Products
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Fig. 3. The scheme of photocatalytic process of semiconductor

Among them, the most studied and reported semiconductor-based photocatalysts are TiO»-based
materials [14-16]. In these semiconductor systems, light activated hole also can react with water to
generate hydroxyl radical (*OH) that directly oxidize benzene to phenol. The route is believed to be
dominated in the phenol formation reaction. On the other hand, the light-induced holes can react
directly with benzene under mild condition, leading to the generation of benzene cation radical for
phenol formation. However, the holes and hydroxyl radical showed high activity and unselective
oxidation behavior, which lead to the overoxidation of phenol to unwanted byproducts and CO; in
most cases. Thus, they have been commonly utilized in degradation of pollutants as described above.
Only few reports for the benzene oxidation to phenol using semiconductor-based photocatalysts,
and most of them using noble metal as cocatalysts or additional oxidant.

Several methods have been utilized to improve the phenol formation in photocatalytic systems.
One method is to consider the polarity difference between benzene molecular and phenol molecular.
For example, Zhang et al., reported that surface modification of photocatalysts can change the
absorption/desorption behavior and enhance the phenol selectivity [17]. In their work, the phenol
selectivity was increased on titania incorporated in hydrophobically modified mesocellular siliceous
foam (TiO,@MCEF). This work is inspired by the different structure and property between benzene
molecular and phenol molecular. The interior of the hydrophobically modified MCF provides a
hydrophobic environment where the reactant benzene molecules are preferentially attracted into
mesopores. After reaction, the hydrophilic product phenol molecules are rapidly released out of the
pores before overoxidation within the MCF cages. As a result, the phenol yield and selectivity were
increased, although the selectivity is still low (34.7%). This maybe because this method can only
prevent the direct reaction between phenol and photo-induced holes. The excess active species such
as ‘'OH generated from water oxidation with holes also can oxidize phenol, resulting the formation
of byproducts and low phenol selectivity. Another explanation is that the direct oxidation of benzene
with photo-induced holes usually lead the direct oxidation of benzene to CO», which dramatically
decrease the phenol selectivity [18, 19]. As a result, even the phenol product can be efficiently

released, the phenol selectivity still low.



To achieve high phenol selectivity, choose suitable photocatalyst other than TiO, and modify
their band structure to fit the benzene oxidation potential is possible. Li et al., reported that a layered
double hydroxide (LDH) with suitable band structure showed excellent photocatalytic benzene
oxidation to phenol (4.6% phenol yield, 81.1% selectivity) [20]. As shown in Fig.4, the value band
(VB) of as-prepared Zn,Ti-LDH (2.52 V) is very close to the oxidation potential of benzene (2.48
V) after modification of the surface oxygen vacancy, which is much different with the other three
kinds of photocatalysts including P25, anatase TiO> and ZnO. As typical photocatalysts, these three
photocatalysts gave phenol selectivity of ~71.8%, 21.7%, and 25.9%, respectively. Zn,Ti-LDH
showed higher phenol selectivity of 81.1%. However, a low benzene conversion of 5.7% after 3 h
was observed. Recently, similar benzene conversion (7.3%) also reported by using a

Bi;WOs/CdWOy4 hierarchical heterostructure [21].
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Fig.4. Band structure of different photocatalysts

Another method is to utilize new type of photocatalysts other than semiconductor for benzene
oxidation. For example, some organic homogenous photocatalysts have been utilized for the
benzene oxidation reaction in organic solvents reported by Fukuzumi’s group. Typically,
photoinduced electron transformation can be occurred from benzene to photo-activated quinolinium
ions, resulting the formation of phenol after a successive reaction step. This organic homogenous
photocatalyst showed promising phenol formation (30%) and selectivity (98%). The higher activity
may be because that the interaction of benzene with photocatalysts in homogenous reaction systems

can be promoted. In addition, the high phenol selectivity may be due to the different reaction
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mechanism of this organic photocatalytic system with semiconductor photocatalysts. Very recently,
another organic homogenous photocatalysts also showed high phenol yield reported by the same
group [22]. Although the promising activity have been achieved by organic photocatalysts, the non-
reusability hinders their application. In this context, it is important but challenge to develop
inorganic photocatalysts that can be oxidize benzene to phenol with high phenol formation and

reusability.

1.3 Structure and properties of polyoxometalates

Polyoxometalates (POMs) are a serial of inorganic materials composed of cations and diverse
polyanion clusters [23]. The research of POMs is an ancient topic, which is still actively researched
in various field such as materials chemistry, catalytic chemistry, coordination chemistry, and
medicine. The basic construction units are the oxometal polyhedral of MOy, where the M represents
some early transition metals such as W, Mo and V. The polyanions of POMs are generally centered
by some heteroatoms such as Si, P, S, Ge and so on. Abundant oxygen atoms on the surface of the
polyanions can donate electrons, which make POMs as soft bases. In addition, the metal ions on the
skeleton of polyanions involve unoccupied orbitals which can obtain electrons from electron donors.
Thus, POMs can also act as Lewis acids. In addition, the ability to obtain and release electrons
indicates the redox nature of POMs.

Generally, the properties of POMs can be adjusted by variation of the heteroatoms and the
general structure of the POMs, including Keggin, Dawson, Anderson, Lindqvist, Waugh, Silverton
[23]. As the most studied POMs, POMs with Keggin structure have proved to be thermal stable and
high activity in various catalytic reactions. With this advantage, some of them has been large scare
manufactualed and applicated in several important industrial reactions such as oxidation of
methacrolein and olefins (propene and butenes), polymerization of tetrahydrofuran [24]. As shown
in Fig. 5, the Keggin structure have a central tetrahedron (XO4, X = P, Si...) surrounded by four
vertex-sharing trimers (M3013, M = Mo, W...). Each trimer has three octahedras (MQOs) which
linked in a triangular arrangement by sharing edges. In addition, lacunary Keggin-type POMs will

be formed by removing the octahedras, which affect the properties and activity.



Vertex sharing

Fig. 5. The structure of POMs with Keggin structure.

Some other parameters may also affect the properties of POMs in catalysis, such as solvents and
cations. These parameters mainly function by interaction with POM anions. The electronic
properties of POMs can be changed by these interactions. In addition, the cations in POMs also
impact the electronic and crystallographic properties and solubilities. For example, the parent acids
of POMs only contain protons as their cations are called heteropolyacids (HPAs). The HPAs even
showed higher Bronsted acidity than classical mineral acid in some cases. The most common cations
are inorganic cations, including H*, Na*, K*, Cs*, NH*', Ag", etc. On the other hand, organic cations
with designable structure can be involved in the POMs structure, and their functions can be multiple.

Quaternary ammonium ions are the most common organic cations in POMs.

1.4 Polyoxometalates for acid catalytic reactions

POMs can serve as acid catalysts because the presence of acidic sites, acidic protons, and metals
with Lewis acidity [24]. As a result, they were widely studied for acid catalysis. The dehydration of
alcohols to alkenes can be catalyzed by POMs as strong Brensted acid. Marci et al., reported the
dehydration of 2-propanol by supported H3PWi204. They demonsrated that the proton on the
H3PW 12040 surface is coordinated by two water molecules forming the HsO>", and these species
form bridges between the Keggin ions units [25]. Ivanov et al. reported the propene hydration
reaction catalyzed by POMs also played by HsO>" [26]. As for some other acid-catalytic reactions,
POMs showed higher activity than the mineral acid such as sulfuric acid. This fact is explained by
the calculated deprotonation enthalpies (DPE) based on the result of density functional theory (DFT),
which reported by Iglesia’s group in 2007 [27]. In addition, the acidity can be further adjusted by
change the X atom (X = P, Si, Al, Co). The acidity tendency is H3PW 12040 > HaSiW 2049 >

8



HsAIW 12040 > HsCoW 1204.

1.5 Polyoxometalates for catalytic oxidation

Catalytic oxidation reaction is important chemical process because it not only can produce
various organic chemicals, but also act as a method for pollutant decomposition. As for the catalytic
oxidation reactions, metal catalysts are actively studied due to their high activity. Compared with
organometallic catalysts, POMs are promising catalysts due to their high stability under oxidative
systems. In the H>O,™ and Oy based systems, POMs have been proved be efficient catalysts which
can not only oxygenate the C sites in alkenes, aromatic rings, and even inert aliphatic alkanes, but
also oxygenate the S sites and N sites in organic compounds [24].

Typically, V-based POMs have been proved to be strong oxidative catalysts which are active for
oxidation of various organic compounds including benzene molecular. For example, Neumann’s
group reported the phosphovanadomolybdate (HsPV2Mo100O40) can active dioxygen for oxidation
reactions [28]. They are active for electron transfer oxidations of substrates and subsequently
reoxidized by O,. Particularly, an electron transfer-oxygen transfer was involved in HsPV2Mo010Oa0
and its analogues can mediated reactions, in which oxygen atoms are transferred from the POMs to
the substrate. This unique property has enabled correspondingly unique transformations involving
C-C, C—H bond activation. Then, the reoxidation of POMs with O, by an inner-sphere reaction.
This process is distinguished with that one-electron reduced W-based POMs, which has been shown
through intensive research to be an outer-sphere reaction. Based on this reaction pathway, they also
reported that C—H bond in benzene molecular can be activated to generated phenol in >50% aqueous

H>SO; as solvent [29].

1.6 Polyoxometalates for photocatalytic reactions

The POMs can be act as photocatalysts has been known in literature for decades. The
application of POMs as photocatalysts has been well studied for both pollutant degradation and
organic conversion reactions in the last decades. Typically, intramolecular charge will transfer from
the O* -based highest occupied molecular orbital (HOMO) to the W°*-based lowest unoccupied
molecular orbital (LUMO) under light irradiation. This process will be leading to the formation of
photoexcited states, which showed higher activity than the ground sates of POMs in both oxidation

reactions and reduction reactions. Thus, POMs can be utilized for various photocatalytic reactions,
9



including the oxidation of alcohol, arenes, alkenes and reduction of CO,. Furthermore, some HPAs
were also found to be active for the photo-assisted propene hydration reaction [25].

In a typical photocatalytic cycle, the Keggin-type phosphotungstic acid (H3PWi2040)
transferred first into a reduced POM (heteropoly blue) under light irradiation in the presence of
substrate. This heteropoly blue is readily reoxidized to original state with O in air to complete the
reaction cycle. In addition, POMs are stable in the photoirradiation which can maintain their
structure for various reactions. This advantage ensures POMs can be promising photocatalysts
compared with other homogenous photocatalysts such as organometallic coordination complexes
and organic dyes. Current systems using H3PW12040 mainly carried out for various pollutant
degradation which showed promising application potential [30, 31].

Dacatungstate (W10032*) is another well-studied POMs due to its high photocatalytic activity
and broader light absorption range than H3PW1,04¢. Their anion structure as shown in Fig. 6. As
described above, the solubility of decatungstate can be adjusted by change the organic cation or
inorganic cation. For example, decatungstate with tetra-n-butylammonium (TBA) as cation showed
high solubility in organic solvents. Thus, it is extensively studied in the organic synthesis reactions
including the formation of C—C, C—N, C—Si, and C—F, and so on. In these reactions, a hydrogen
atom transfer process occurred after the reaction between photoactivated catalyst and substrate,
leading to the formation of products. For example, the (TBA) salt of W10O3* selective oxygenation
of cyclohexane in an acetonitrile solution. On the other hand, decatungstate with Na™ as cation was
utilized as effective photocatalyst for pollutant degradation because its high solubility in aqueous
solution. For example, Pasti et al., reported that sodium decatungstate can efficiently decompose the
drug in aqueous solution. Although the decomposition of substrate by sodium decatungstate is as
high as that of TiO», the minimerization is much lower. This disadvantage hampered the application

of sodium decatungstate for complete pollutant degradation.
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Fig. 6 Anion structure of H3PW 12049 and decatungstate

The advantage of homogenous systems including high redox activity, high structural stability,
and easy reoxidation of reduced species. On the other hand, researchers paid attention into the
heterogenized POMs for the purpose of recovery and application. POMs were usually supported
onto various support materials such as TiO», SiOa, ZrO,, etc. In addition to solidification of POMs,
the porous support materials will increase the surface area of POMs which can promote the reaction
by increase the interaction between catalysts and substrate. However, the leaching of the POMs

especially in the polar solution is a challenge for the supported POMs as photocatalysts.

1.7 Configuration of the present thesis

The organic transformations under low temperature and pressure are important for its inherent
advantage and practical applicability. In this context, this dissertation focuses on the development
of efficient photocatalytic systems for the one-pot oxidation of benzene to phenol under ambient
conditions using O, as oxidant. Several typical polyoxometalates as inorganic homogenous
photocatalysts were investigated for this purpose, while the experiments were kindly designed.
More specifically, attentions were paid on the operation conditions for obtaining high phenol yield
and selectivity. The applicability of supported polyoxometalates as heterogenous photocatalysts was
also investigated. In addition, several typical semiconductor-based photocatalysts as potential

alternative heterogenous tungstate-based photocatalysts for selective benzene oxidation to phenol
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has been investigated. The present thesis consists of general introduction and following four chapter.

In the chapter 2, it was showed that a heteropolyacid H;PW 2049 functions as a photocatalyst
for benzene oxidation reaction in an aqueous acetonitrile solution using O in high phenol yield (23
—41%) and selectivity (80 — 90%). The addition of acetonitrile to the reaction solution significantly
inhibited the complexation between phenol and H3PW 1,04, preventing phenol overoxidation. This
photocatalyst can be used repeatedly with only a slight decrease in the rate of phenol formation.
The reaction mechanism was investigated in detail.

In the chapter 3, decatungstate as another typical polyoxometalate other than heteropoly acid
was investigated. Perticurlily, the photocatalytic hydroxylation of benzene to phenol with O, by
using sodium decatungstate (W10O32*) in air atmosphere (1 atm) and at low temperature (10 °C).
W 1003+ was active for the benzene hydroxylation process in pure water, which achieved a ca. 16—
23% phenol yield with a ca. 61-70% selectivity within 60 min. The phenol yield and the selectivity
were improved through the addition of acetic acid to the reaction solution. This enhancement was
due to the improved benzene solubility and suppressed benzene vaporization and phenol
overoxidation.

In the chapter 4, heteropoly acid H3PW 2049 was loaded onto mesoporous silica SBA-15 by
direct sol-gel and wet impregnation methods. The samples prepared by the direct sol-gel method
show a high dispersion for H3PW 2049 on SBA-15 and strong interaction between H3PW 2049 and
the silica matrix. The samples prepared by the direct sol-gel method exhibit lower activity for
photocatalytic benzene oxidation to phenol in an aqueous solution. The leached species as
homogenous photocatalyst found to be dominant in the photocatalytic reaction.

In the chapter 5, Heterogenous photocatalytic oxidation of benzene to phenol has been compared
by several typical photocatalysts including TiO2, C3N4, WO3, ZnWO4, BizWOs. We choose these
photocatalysts because they represent different type of semiconductor-based photocatalysts. Most
suitable photocatalyst for phenol formation has been obtained and detailed reaction mechanism has
been discussed, which is useful to design novel photocatalyst for selective oxidation.

In the chapter 6, a conclusion was drawn for the thesis.
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Chapter 2: One-step oxidation of benzene
to phenol with H3PWi204 under
photoirradiation

2.1 Introduction

As an important chemical intermediate, phenol is widely used in industry as a precursor for various
chemical products including resins, dyes, pharmaceuticals, and pesticides [1, 2]. Industrial phenol
production is based on a three-stage cumene process. Although this process achieved high success,
it has several disadvantages including high energy consumption, hazardous intermediates, and the
production of an equal amount of acetone as a byproduct [3]. For this reason, one-pot synthesis of
phenol from benzene has been actively explored over the past decades [4, 5]. Most of the reported
catalytic systems use H,O», N>O as oxidants or generate these oxidants in sifu from the oxidant O,
and the reductants H,, CO, and NHj3 [6-8]. Using O» only as an oxidant is ideal for the oxidation of
benzene to phenol, especially when O in air is directly available. However, since benzene is less
reactive to O, the reported thermocatalytic reactions are generally carried out under high-
temperature or high-pressure conditions [9-14].

In recent years, the photocatalytic technology for converting benzene to phenol with O, has
emerged as a "green" alternative. The photosensitive materials can be photoactivated under mild
conditions, including ambient reaction temperatures and pressures [15]. For example, one-pot
phenol synthesis from benzene can be promoted since semiconductor photocatalysts can generate
holes and radicals such as ‘OH, ‘Oz or "HO» by light-irradiation under aerobic conditions [16-18].
However, due to the high reactivity and poor selectivity of these holes and radical species, the side
reactions such as biphenyl formation and the benzene ring cleavage proceed easily. In addition,
since the O—H bond energy of phenol (~ 371 KJ/mol) is lower than the C—H bond energy of benzene
(~ 473 KJ/mol), the phenol product is more reactive than benzene [19, 20]. As a result, the oxidation
of generated phenol to some unwanted phenolic compounds and CO is inevitable [ 16, 17]. A limited
number of examples on photocatalytic benzene oxidation to phenol that use only O, as an oxidant
have been reported. Most of them were noble metal or non-noble metal catalysts with a cocatalyst
or additional redox reagents [16,17,21-23]. To control the overoxidation process and minimize the
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unwanted pathway, Choi and coworkers reported an enhanced phenol selectivity by entrapping
titanium oxide nanoparticles into a hydrophobically modified mesocellular siliceous foam
(TiO@MCF) as a non-noble metal catalyst [24]. Because the generated hydrophilic product was
rapidly released out of the catalyst, the phenol overoxidation was suppressed, and phenol selectivity
increased from 15.8% to 34.7%. BiaWOes/CdWOs4 has also been reported for photocatalytic
oxidation of benzene to phenol, which afforded 7.3% phenol yield with a selectivity of 99% [25].

Fukuzumi and coworkers published three organic photocatalysts for benzene oxidation in the
past decade [22,23,26]. For example, they reported that 2,3-Dichloro-5,6- dicyano-p-benzoquinone
(DDQ) showed a high yield (93%) and selectivity (98%) of phenol [23]. As mentioned above,
additional redox reagents, tert-Butyl nitrite /HNO3, were utilized to oxidize DDQH> to DDQ in the
catalytic cycle. As a single catalyst without the need for additional redox reagents, quinolinium ion-
based photocatalysts achieved oxidation of benzene to phenol using O> in high yields (30%) and
selectivity (98%) [26]. Recently, Wei et al. reported the development of a quinolinium ion-based
photocatalytic system for the oxidation of benzene to phenol using vanadium-substituted
heteropolyacids as cocatalysts [27]. However, as with homogeneous organic photocatalysts in
general, the recovery of quinolinium ion-based photocatalysts from the reaction medium and their
reuse is very difficult. In this regard, it is important and challenging to develop inorganic
photocatalysts that can hydroxylate benzene to phenol with O, with high selectivity and can be used
repeatedly.

Heteropolyacids are anionic nanoclusters of early transition metal oxides which adopt a variety
of structures. Due to their high oxidation stability, excellent water solubility, and unique structure-
dependent reversible redox properties, they have been widely applied as homogeneous inorganic
catalysts [28]. Furthermore, some of them are commercially available at a low price, reusable after
the reaction, and even utilized on an industrial scale for some typical reactions such as oxidation of
methacrolein and olefins (propene and butenes), polymerization of tetrahydrofuran [29]. A well-
studied and commercially available heteropolyacid, H3PW 12049, can be used for photocatalytic
reactions [30,31]. Typically, the photoexcited state of H;PW 2040 (PW12040>") can be used to
activate the C—H bond via an electron transfer (ET) or hydrogen transfer (HT) process for the

oxidation of organic substrates, resulting in the generation of product and heteropoly blue. The
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heteropoly blue is readily reoxidized with O, to complete the catalytic cycle (Scheme 1) [32]. We
hence hypothesized that if ET or HT process could occur to activate strong C—H bond such as those
in benzene rings using H3PW1204, a new possibility would arise for the photocatalytic one-pot
synthesis of phenol from benzene using only O,. However, previous studies showed low phenol
yield ( < 3%) over PW,04¢> as photocatalyst in a homogenous aqueous solution or biphasic

solution [33,34].

PW1 20403, PW120403_* (1 )
PW1,040>" + Substrate PW;,040" + Product (2)
PW;,040% + O, PW,,040% + 'Oy (3)

Scheme 1. General photocatalytic oxidation pathways of organic substrates over HzsPW1,040.

In this chapter, we show that photocatalytic oxidation of benzene to phenol by the
heteropolyacid H3PW 12049 using only O» as an oxidant in aqueous acetonitrile solution (50 vol%).
This photocatalytic system exhibited 80 to 90% phenol selectivity with a 23 to 41% phenol yield.
We found that the addition of acetonitrile to the reaction system in this process significantly
prevented the overoxidation of phenol. Kinetic and UV-VIS spectroscopic studies and several
controlled experiments were performed to demonstrate the reaction mechanism and explain why the

addition of acetonitrile can inhibit phenol oxidation.

2.2 Material and Methods

Materials and instruments

All solvents and reagents were purchased from Wako Pure Chemical Industries Ltd. H3PW 1,04,
H3PMo12040, H4S1W 12049, and H4SiMo1,04¢ were purified by ether extraction and recrystallized in
water before use. This purification process can remove insoluble impurities which can be formed
by long-term storage [35-37]. The other reagents were used without further purification. The
purified H3PW 12040 were confirmed to have a Keggin-type structure by XRD and FTIR (Fig. 1). As
shown in Fig. 1a, the position of the main characteristic peaks of H3PW 2049 are observed in the 26

=10.3, 25.4, and 34.6, which is consistent with previews studies [12,13]. As shown in Fig. 1b, the
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obtained H3PW 12049 shows IR bands approximately at 1,079 (stretching frequency of P—O in the
central POy tetrahedron of H3PW 1,049 molecules), 987 (terminal bands for W=0 in the exterior
WOs octahedron) and 890 and 806 cm™ (bands for the W—O,—W and W—O.~W bridge, respectively)

corresponding to asymmetric vibration associated with Keggin ion [14-17].
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Fig. 1. XRD pattern, (b) FT-IR spectra of obtained H3PW 2049

According to a previous study, graphitic carbon nitride (g-C3N4) was synthesized using urea as
the precursor [38]. Typically, 10 g of urea was placed in a capped alumina crucible and then
transferred into a muffle furnace. The crucible was annealed at 500 °C and maintained for 4 h to
obtain g-C3N4 (scanning electron microscopy (SEM) images and X-ray diffraction (XRD) pattern
shown in Fig. 2). Pt-TiO, was prepared using the photodeposition method reported earlier [39].
Typically, the commercially available P25 was stirred in an aqueous methanol solution (10 vol%)

containing the required amount of H,PtCls as the platinum precursor. The suspended liquid was
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irradiated with a 300 W xenon lamp. After washing several times with distilled water, the sample

was dried in air at 70 °C for 24 h.
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Fig. 2. SEM images (a and b) and XRD pattern (c) of g-C3N4

UV-VIS spectra were recorded on a UV-VIS spectrometer 3100 (Shimadzu, Japan). The
samples were transferred into quartz cells (path length: 1.0 cm) and then subjected to measurements.
XRD patterns were scanned at 40 kV and 40 mA (the step rate was 2°/min) by using a RINT 2200
diffractometer (RIGAKU, Japan) with Cu-Ka radiation (1.54 A). The Fourier transform infrared
(FTIR) spectra were obtained using an FT/IR-4100 spectrometer (JASCO, Japan). SEM images

were obtained by an Ultra-55 instrument (Zeiss, Germany).

Photocatalytic reaction under aerobic conditions

Photocatalytic oxidation of benzene to phenol was conducted in a 100 mL photochemical reactor
equipped with a water jacket for maintaining the temperature at 10 °C (Fig. 3). The illumination
window on the top of the reactor is made of high-strength quartz glass. In a typical run, a 50 mL
aqueous acetonitrile solution (50 vol%) containing 13 mM benzene, 5 mM catalyst was added into

the reactor. The pH of the solution was adjusted to ~1 with HCIO4 to maintain the stability of the
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catalysts. A 300W xenon lamp is used as the light source (emission spectrum: Fig. 4). The reaction
solution was exposed to air atmosphere (1 atm) without bubbling for introducing oxygen as an
oxidant. During the photocatalytic reaction, the reactor was kept at 10°C by circulating cooling
water, which eliminated the thermal catalytic reaction caused by the heat radiation from the light
source. Sample aliquots (10 pL) were withdrawn from the reactor after each time interval of
irradiation and analyzed with reverse-phase high-performance liquid chromatography (HPLC)
immediately. The mobile phase was composed of 65% phosphoric solution (0.2%) and 35%

acetonitrile with a 1 cm®/min flow rate.
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Fig. 3. Schematic representation of photocatalytic benzene oxidation setup
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Fig. 4. The emission spectrum of the xenon lamp (300 W) in this study.

The conversion of benzene and yields of phenol were calculated using the following formulas.

produced phenol concentration
initial benzene concentration

Yield (phenol) = X 100%

remained benzene concentration
initial benzene concentration

Conversion (benzene) = (1 — ) X 100%

. yield (phenol)
Selectivity = - X 100%
conversion (benzene)

A control experiment using phenol as substrate was conducted under the same condition.

The amount of H>O; produced during the reaction was determined spectroscopically [26]. After
the photoreaction stopped, Nal (100 mM) was added to the reaction solution, and the absorption
spectrum of I3” species formed by the reaction of I with H,O» was measured. The concentration of

H>0, was determined from the absorbance at the absorption maximum (at 361 nm) of the I3™ species.

Photocatalytic reaction under anaerobic conditions and reoxidation under the aerated condition

The reaction solution is prepared with the same method as stated above. Before irradiation with
the Xe lamp, the reaction solution was vigorously bubbled with argon for 15 min to remove the
dissolved oxygen. Since the reaction solution was cooled to 10 °C and contained acetonitrile in
which benzene dissolved, the amount of benzene vaporized during bubbling was only 1% of the
amount of benzene in the reaction solution. In addition to HPLC analysis, the sample aliquots were

also tested with UV-VIS spectroscopy to quantify heteropoly blue formation (PW1204¢").

After the above reaction, the xenon lamp was turned off, and the reaction solution was exposed
to air. The sample aliquots were analyzed with HPLC and UV-VIS spectroscopy after the reaction
solution changed to colorless again. All the reactions were conducted three times to assure

reproducibility.

2.3 Results and discussion

Photocatalytic oxidation of benzene to phenol.
The catalytic activity of various photocatalysts for phenol formation under the typical condition

in aerobic aqueous acetonitrile solution (50 vol%) has been compared, as shown in Table 1. The
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phenol yield with H3PW 12040 reached 36.9%, significantly higher than the other three kinds of
heteropolyacids (Entries 1-4). The high activity of Hs3PW12040 over other heteropolyacids is related
to two aspects: (1) It has a large energy gap between the O*-based HOMO and the W®"-based
LUMO, which endows it with high redox potential and reactivity [28]. (2) The heteropoly blue of
molybdenum-containing heteropolyacids showed reluctant reoxidation with O, during the reaction.
Above reasons explained why tungsten-containing heteropolyacids show higher activity than
molybdenum-containing heteropolyacids. Also, H4SiW1204¢9 showed a much lower phenol yield
than H3PW12,040. The low activity of HsSiW 12049 may be due to its relatively mild photocatalytic
oxidation reactivity. For comparison, WO3, TiO> (P25), Pt-TiO,, and graphite carbon nitride (g-
C3N4), which are representative heterogeneous photocatalysts for benzene oxidation reported in
recent years [16,21,33,40,41], resulted in lower phenol yields and selectivity compared to

heteropolyacids (Entries 5-8).

Table 1
Benzene oxidation to phenol over different photocatalysts. *

Photocatalyst H

air, 1 atm

10°C, hv, 21 h
MeCN aqueous
solution (50 %, V/V)

Y

Entry catalysts Phenol  Selectivity Type of
yield (%) photocatalysts
(%)

1 H3PW 1,040 36.9 84.2 Heteropolyacid
2 H3PMo01,040 1.5 68.3 Heteropolyacid
3 H4SiW 12040 13.5 97.1 Heteropolyacid
4 H4SiMo012040 1.0 81.4 Heteropolyacid
5° WOs; 2.7 23.2 Semiconductor
6° TiO; (P25) 9.2 28.9 Semiconductor
7¢ Pt-TiO, 5.5 7.8 Semiconductor
8P g- C3Ny° <0.1 - Semiconductor

94 No catalyst B B B
10° H3PW12040 35.2 84.0 Heteropolyacid

* Reaction condition: aqueous acetonitrile solution (50 vol%); light source, 300 W xenon
lamp; temperature, 10 °C; irradiation times, 21 h; catalyst concentration, 5 mM; benzene
concentration, 13 mM; pH = 1 (adjusted by HCIOs), under ambient condition. ® 500 mg
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catalyst. © 1% Pt loaded.  Phenol was not detected. ¢ Without adding HC1O..

The structural stability of heteropoly anion is particularly dependent on pH [42]. The Keggin
anion PW 204> is maintained at 1.0-2.5 and decomposes to lacunary polyanion PW1;039" at a
higher pH value. In this study, the pH value was adjusted to 1 with HCIO4 so that the Keggin
structure would be stable and the byproduct organic acid, if formed in the benzene opening reaction,
would not affect the pH value. The following two experiments confirmed that HCIO4 was not
involved in the benzene oxidation reaction as an oxidant. A control experiment without
photocatalyst showed that the phenol concentration was below the detection limit (Entry 9),
indicating that no direct oxidation of benzene with HClO4 proceeded under irradiation. In addition,
H3PW 1,040 showed 35.2% phenol yield without HCIO4, similar to the results with HClO4 (Entry
10). This finding revealed that photooxidation of benzene to phenol with PW,040* was not
promoted by HCIO4. Hence, benzene oxidation to phenol can be efficiently promoted by using
PW,040> as inorganic homogenous photocatalyst.

Fig. 5a shows time course profiles for benzene oxidation reaction over H3PW 2049 in 50%
aqueous acetonitrile solution. The pH value was around 1 and unchanged during the reaction,
indicating the effect of pH value on benzene oxidation was negligible. No product has been detected
in the dark. After irradiation, benzene concentration gradually decreased with time. Phenol was
produced as the main product and the phenol concentration monotonically increased. The phenol
yield reached 40% in 24 hours. As the byproducts, we confirmed that there was a negligible amount
of biphenyl (0.3%) and CO; ( < 0.1%). Other byproducts such as hydroquinone, catechol, and
benzoquinone were also found (Fig. 5b), which are ascribed to the overoxidation of phenol [16,22].
However, the concentrations of these products were much lower than phenol concentration,
indicating that the rate of phenol oxidation was much lower than that of phenol formation under our

conditions. Thus, the overoxidation of phenol has been significantly inhibited in our reaction system.
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Fig. 5. (a) Time course of photocatalytic oxidation of benzene over H;PW,040. Reaction condition:
solution, the mixture of water and acetonitrile (50 / 50); pH, 1; light source, 300 W xenon lamp;
temperature, 10 °C; initial benzene concentration, 13 mM; catalyst concentration, 5 mM; under ambient

condition. (b) HPLC result of photocatalytic benzene oxidation at a different time interval.

In addition, the UV-VIS absorption spectrum of the reaction solution after 24 h irradiation
showed almost no change (Fig. 6), indicating that no catalyst degradation occurred. Thus,
H3PW 1,040 exhibited high stability during the benzene photooxidation [43]. After the reaction, the
phenol product and the solvent can be separated by low-temperature rotatory evaporation (under
50 °C). In this condition, phenol can be evaporated completely together with solvent in high purity.
The residual solid contained catalyst and byproducts such as hydroquinone were remained. Then,
the solid phase of the catalyst can be dissolved with an equal amount of solvent for next use. The
results of five cycles of benzene photo-oxidation are shown in Fig. 7. After the fifth consecutive run,
the phenol yield decreased by 8.6% compared to the first run, although the phenol yield was still
above 30%. The decrease in the phenol yield could be attributed to residual byproducts from the

previous cycle, which inhibited benzene oxidation with H;PW1204.

26



S Before reaction
o 31 1 After reaction
' VA

Q
®
o
o2
32-
0
<

1 | '\_//

0 T T T T T —T T

200 250 300 350 400

Wavelength / nm

Fig. 6. UV-VIS spectra of the 100 times diluted reaction solution before reaction (black line) and
after reaction (red line). Reaction condition: solution, mixture of water and acetonitrile (50 / 50);
pH, 1; light source, 300 W xenon lamp; temperature, 10 °C; benzene amount, 13 mM; catalyst
amount, 5 mM; reaction time, 24 h; under ambient condition. The reaction solution diluted with
acetonitrile.
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Fig. 7. Cycling use of H3PW 04 for photocatalytic benzene oxidation. Reaction condition: solution, the
mixture of water and acetonitrile (50 / 50); pH, 1; light source, 300 W xenon lamp; temperature, 10 °C;

initial benzene concentration, 13 mM; catalyst concentration, 5 mM; under ambient condition.

We optimized the phenol formation by varying the reaction conditions, including acetonitrile
concentration (V/V), reaction time, and initial benzene concentration (mM). As shown in Table 2
(Entries 1-3), the selectivity can be optimized to 95% by increasing acetonitrile concentration (to
80%) and shorten reaction time (to 4 h). On the contrary, the phenol selectivity decreased to 39% at
the same reaction time (4 h) when using pure water as a solvent (Entries 4-5). As discussed below,
acetonitrile suppresses the complexation between PW1204°  with phenol, resulting in high
selectivity. Hereafter, based on both phenol yield and selectivity, 50% (V/V) of acetonitrile was used
as the solvent. As shown in Fig. 8a, the amount of phenol produced continuously increased with the
initial benzene concentration. There is no obvious impact on the phenol selectivity, ranging from 80
— 83% (Fig. 8b). As will be discussed in detail later, the oxidation of benzene produces the benzene
cation radical, an intermediate in the formation of phenol, by electron transfer from benzene to the
excited PW12040>. When the benzene cation radical attacks another benzene, biphenyl is formed
[44]. The result that phenol selectivity was almost independent of benzene concentration differed
from our expectation that biphenyl formation, a bimolecular reaction, would be accelerated at higher
benzene concentrations. On the other hand, the phenol yield slightly increased from 37% to 41% by
decreasing the initial benzene concentration from 30 mM to 7 mM (Entries 6—8). Thus, the phenol

yield increased with the increase in the relative concentration of PW1204¢°".

Table 2

Controlled experiments on the photocatalytic oxidation of benzene to phenol.
PW,04™ H
air, 1 atm
10°C, hv -

MeCN aqueous
solution (50 %, V/V)

Entry Initial Acetonitrile Time/ h Phenol yield Selectivity
benzene concentration /% /%
mM /%
1 30 80 4 95
2 30 50 9 92
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3 30 50 12 23 90

4 30 0 1 7 51

5 30 0 4 18 39

6 7 50 24 41 80

7 13.5 50 24 40 81

8 30 50 24 37 83
Reaction condition: pH, 1; light source, 300 W xenon lamp; temperature, 10 °C; catalyst
concentration, 5 mM; under ambient condition.

(a) (b)-

—O— Phenol
8 —O— Hydroquinone
Catechol

0
o
1

60

O——o0
I
40 T O— o

Formation of products / mM
Benzene conversion / %

M/O

0 5 10 15 20 25 30 5 10 15 20 25 30 35
Initial benzene concentration / mM Initial benzene concentration / mM

n
o
1

Fig. 8. Influence of initial benzene amount on (a)yield of products and (b) benzene conversion and
phenol selectivity. Reaction condition: solution, mixture of water and acetonitrile (50 / 50); pH, 1;
light source, 300 W xenon lamp; temperature, 10 °C; catalyst amount, 5 mM; reaction time, 24 h;
under ambient condition.

Table 3 summarized the activities of photocatalysts for benzene oxidation to phenol reported so
far [45,46]. There are several advantages of our reaction system. The current photocatalytic system
showed higher phenol yield as compared with most reported aerobic systems, like Au-Pd/TiO; (30%)
[17], TiIO,@MCF (14%) [24], Bi,WOs/CdWO4 (7%) [25], Zn,Ti-LDH (5%) [47], QuCN" (30%)
[26] and [Rull(Mexphen);]** (30%) [22]. Unlike quinolinium ions and some other photocatalysts,
H3PW 2040 can be recycled after the reaction. Moreover, the phenol selectivity (80—90%) of the
present photocatalytic system is comparable or higher than those of previously reported systems
using Pt/WO; (69%)[16], TiIO2@MCF (35%) [24], BiaWOs/CdWO4 (99%) [25], Zn,Ti-LDH (87%)
[47], QuCN™ (98%) [26].

Table 3.
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Oxidation of benzene to phenol on different photocatalysts

Entry  Catalyst Oxid Noble Reusa Time Yield Sel. Ref.
ant metal  bility (h) (%) (%)
1 Au-Pd/TiO2 0]} Yes No 6 30 - [17]
2 Pt/WO; air Yes No 4 51 69  [16]
3 TiO2@MCF 02 None  No 2 14 35 [24]
4 Bi2WOe/CdWO4 0]} None  Yes 3 7 99 [25]
5 Zn,Ti-LDH air None  Yes 10 5 87  [47]
6 QuCN** O2 None  No 1 30 98  [26]
7 [Rull(Mez2phen)s] 272 O2 None  No 24 30 - [22]
8 H3PW12040° air None  Yes 12 23 90 This work
9 - air None  Yes 24 41 80 This work

2 Homogenous organic photocatalysts

® Homogenous inorganic photocatalyst

Mechanism of photocatalytic benzene oxidation to phenol

The above results prompted us to further investigate the mechanism of the reaction process. For
this purpose, the benzene oxidation reaction under an anaerobic atmosphere was carried out to
investigate the role of O, (Fig. 9). In this photoreaction, the catalyst color changes from colorless to
blue, which visually indicates the reduction of H3PW2049. UV-VIS spectroscopic study revealed
that strong intervalence charge-transfer (IVCT) absorption bands (Amax: 498 nm, Amax: 750 nm)
appeared in the visible region, indicating the formation of heteropoly blue, the one-electron-reduced
form of catalyst (PW12040*") (Fig. 9) [48]. There was no formation of the two-electron-reduced form
of H3PW 12040, consistent with its much lower quantum yield than the one-electron-reduced form
[49]. A saturation behavior was observed when the irradiation time is over 150 min. More
importantly, the formation of PW,040*" can be calculated from the molar absorption coefficient at
750 nm (2 x 10* M cm™), as shown in Fig. 10. The time course profiles for phenol formation show
that the phenol yield reached 1.7% at 240 min. The amount of phenol produced in this process was
equivalent to half of the amount of PW1,040*" produced (Fig. 10). This result indicates that the two-
electron-oxidation of benzene to phenol is associated with the formation of the one-electron reduced

form of H3PW2040. The detailed reaction pathway will be discussed later.
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Fig. 9. UV-VIS spectra of the reaction solution after 30, 60, 90, 120, 150, 180, 210, 240 min of irradiation

under argon. Solution: mixture of water and acetonitrile (50 / 50); pH, 1; light source, 300 W xenon lamp;

temperature, 10 °C; initial benzene concentration: 13 mM, catalyst concentration: 5 mM.
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a mixture of water and acetonitrile (50 / 50); pH, 1; light source, 300 W xenon lamp; temperature, 10 °C;

initial benzene concentration, 13 mM; catalyst concentration, 5 mM.
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Scheme 2. Proposed mechanism of the photocatalytic oxidation of benzene to phenol with O-.

In the absence of oxygen, no reoxidation of PW1,040" to PW 204>~ was observed. However,
PW 1,040 has been rapidly reoxidized to its original status in 40 min when the irradiation was
stopped and the reaction system was exposed to air, as shown in Fig. 10. This reoxidation process
of the catalyst was evidenced by the color change of the solution from blue to colorless and the
disappearance of the IVCT bands in UV—visible spectra. The presence of oxygen can promote the
reoxidation of PW,040*, and this process can be described as follows (Scheme 2). According to
previous studies, this reoxidation is a sequence of electron transfer steps with intermediate formation
of ‘O2/'HO, and H»0,, while comprehensive experimental and theoretical studies have
unequivocally shown that the first step is electron transfer by an outer-sphere mechanism between
PW1,040" and O: (see in Eq. 1 and the detailed reaction pathway in Fig. 11) [50-52]. The proposed
reaction pathway was shown in Fig.11, as supported by comprehensive experimental and theoretical
studies in previous works. First, electron transfer between PW 1204¢* and O, has been convincingly
shown to occur by an outer-sphere mechanism to form superoxide radical ("O2’). Because the
solution in our case is highly acidic (pH~1), the generated O, can be rapidly transformed to a
superoxide intermediate ("HO») in the presence of H*. Subsequently, the "HO> can cause spontaneous
disproportionation to give HO, and O». In addition, the "HO, could also reoxidize PW;,040* to
give H,0,. All these reactions showed the product of the reaction between PW1,04* and O, to be

H,05, consist with the reaction stoichiometry.
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Notably, the generation of H,O» was confirmed in our system, consistent with previous work

(Fig. 12).

fast
2PW;,0%5 + 2H* + 0, — 2PW,,03; + H,0, (D

PW,2,04% + 0O, PW1,040> + "0y (M
‘07 + H* "HO, (@)
‘HO, + "HO, H,0, + O, (3)
PW;2040* + *HO, PW,5040% + "HOy 4)
"HOy + H* H,0, ()
2PW13040%+ 2H" + O, ——— 2PW,;,040% + H,0, (6)

Fig. 11. Schematic description of reaction route of reoxidation of PW12040* with O>

0.4

Absorbance

0.0 . . - ] . : ——
300 330 360 390 420
Wavelength / nm

Fig. 12. UV-VIS spectra: aqueous solution of Nal (0.1 M) before (black line) and after (red)
addition of a solution of the product mixture; diluted solution (blue line) of the product mixture

The generated H>O5 can accept an electron from PW1,040* to give *OH and PW 040> (Eq. 2). Then,

generated "OH can attack benzene to give phenol (Eq. 3) [12].
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H,0, + PW;,05; + Ht - *OH + PW,;,03; + H,0 (2)
Benzene + 2 "OH - Phenol + H,0 3
The phenol formation from competitive reaction with PW1,040> (Eq. 4) was excluded because no

phenol was generated in the mixture of benzene, H>O, in PW1,04¢°" solution under dark.
PW,,03; + H,0, + 3/2Benzene - PW;,0%; + H* + 1/2H,0 + 3/2Phenol (4)

The reaction route of H>O» in our system hence is believed to follow Eq.2 and 3. This H,O»
induced phenol formation process is generally involved in Fenton-like catalytic systems and the
reported semiconductor-based photocatalytic systems, and organic homogenous photocatalytic
systems [22,25]. Hence, phenol is generated in both the photocatalyst reduction and reoxidation
process in our system (Scheme 2), which is consistent with the result in Fig. 6. However, the amount
of phenol produced in the reoxidation process was much less significant. The previous reports have
shown that the reoxidation of PW,040* with HOs is kinetically slower than that with O, [50-52].
Hence, it is reasonable that the reoxidation with O, was dominated rather than that with H,O; in the
reoxidation process.

To investigate the contribution of benzene formation reaction in the reoxidation process from
PW1,040" to PW12,04¢>" in our system, we carried out photocatalytic benzene oxidation by adding
H>0» in an argon atmosphere instead of exposing it to air (Fig. 13). The result shows that the phenol
generated with time, accompanied by the reoxidation of PW,040* to PW1,040>. However, the
selectivity of phenol in this reaction (35%) was much lower than that of the reaction using O as the
oxidant. In the oxidation of aromatic hydrocarbons, “OH radicals have been reported to exhibit high
activity and low selectivity [53,54]. Therefore, in the presence of excess "'OH produced by the
decomposition of H>O,, peroxidation and side reactions of phenol may have occurred, resulting in
a lower yield and selectivity of phenol. The lower phenol selectivity using H,O» as an oxidant
confirms that the reoxidation of PW1,040* with Oa, but not with H,0, is the dominant route in our

system.
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Fig. 13. Time course of photocatalytic oxidation of benzene over H3PW 1,040 using H>O> as oxidant.
Reaction condition: solution, 100 mM of H>O, aqueous solution and acetonitrile (50 / 50); benzene
concentration, 24 mM; pH, 1; light source, 300 W xenon lamp; temperature, 10 °C; concentration
of catalyst, 5 mM; argon atmosphere.

Effect of acetonitrile addition

The proposed process for photocatalytic benzene oxidation using H3PW 12049 is shown in
Scheme 3a. As mentioned above, we have observed that our system produces negligible amounts of
biphenyl and CO,. More importantly, phenol oxidation was suppressed in the photoreaction with
H3PW 1,040 in aqueous acetonitrile solutions. We suppose this suppressed overoxidation of phenol
is ascribed to acetonitrile in the solution. To verify this assumption, we used phenol as the initial

substrate instead of benzene.
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Scheme 3. (a) Photocatalytic oxidation pathways of benzene. (b) The inhibited overoxidation of phenol

by adding acetonitrile. The crosses indicate the unwanted reaction pathways.

As shown in Fig.14a, there is no significant consumption of phenol even after 24 hours in an
aerated aqueous acetonitrile solution (50 vol%, red line). As a comparison, 60% of phenol has been
decomposed when using pure water as a solvent with no other conditions changed (blue line). The
inhibited phenol oxidation by adding acetonitrile will be discussed as follows. Previous studies
showed a strong complexation of PW 204> with several substrates, including alcohols, 4-
chlorophenol, and trifluoroacetic acid, which is essential for the following photochemical oxidation
reaction [49,55,56]. Herein, the complexation of PW12040> with phenol was also evidenced with
the band in the A > 360 nm region in UV-VIS spectra (Fig. 14b and Fig. 15), consistent with the
assignment for the primary electronic transition as a ligand-to-metal charge-transfer (LMCT) band.
This finding means that a precomplexation process is also an important step for phenol oxidation.
However, the absorbance of these bands decreased with an increase in acetonitrile concentration,

indicating that the addition of acetonitrile significantly inhibited the complexation of PW 204>
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with phenol (Scheme 3b).
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Fig. 14. (a) Time course for phenol decomposition in acetonitrile solution (50 vol%, red line) and water
(blue line). Reaction condition: pH, 1; light source, 300 W xenon lamp; temperature, 10 °C; initial phenol
concentration, 10 mM; catalyst concentration, 5 mM; under ambient condition. (b) Changes in the UV-
VIS absorption spectra of H3PWi204 in aqueous solution on the concentration of acetonitrile.
concentration of H;PW 1,049, 7.5 mM; concentration of phenol, 16.5 mM; concentration of acetonitrile
(0, 10 %, 20 % and 40 %, V/V).
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Fig. 15. Images of phenol in different aqueous solution

To further investigate the effect of acetonitrile on benzene photooxidation, we compared the
reactivity of excited PW,040> in acetonitrile and aqueous solutions. The rate of ethanol oxidation
with PW1,040> was compared in an ethanol/water solution and ethanol/acetonitrile solution (50 %
V/V)under argon atmosphere. In this reaction, the precomplexation process can be ignored because

it can easily bind to PW2040>. As shown in Fig. 16, the amount of generated heteropoly blue in
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ethanol/acetonitrile solution is significantly lower than in ethanol/water. This finding suggests that
the rate of electron transfer from substrate to excited PW12040> was greater in water than in
acetonitrile. Another possibility about the suppressed reaction is that acetonitrile may decrease the
lifetime of the excited state of PW12040> (PW12040>*), because the solvents may have a great

influence on the lifetime of excited states of reactants [57].
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Fig. 16. UV-VIS spectra of the water-ethanol mixture and acetonitrile-water mixture after irradiation
for 5 min. pH, 1; light source, 300 W xenon lamp; temperature, 10 °C; catalyst concentration: 5 mM;

argon atmosphere.

Kinetic analysis

Fig. 17(a) shows the dependence of the initial rate for phenol formation (79) on the catalyst
concentration at a certain initial benzene concentration ([benzene]o). As the concentration of
H3PW 1,040 increases, the amount of phenol produced increases monotonically. The result indicates
that the increasing number of active sites promotes the oxidation of benzene to phenol. However, as
the catalyst concentration increased above 5 mM, the initial rate was almost saturated. As the
catalyst concentration increases, the amount of excited state of catalyst increased, and the rate of
benzene oxidation increased. However, when the catalyst concentration was too high, all the light
from the light source was absorbed, and the amount of photoexcited catalyst was saturated, resulting

in a saturated reaction rate. The reaction rates also increased with [benzene]o and then almost
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saturated at a concentration of 160 mM benzene (Fig. 17b). This kinetic tendency indicates the
Langmuir-Hinshelwood (L-H) mechanism where precomplexation between heteropoly anion
PW1,04¢°" and substrate occurs before excitation of the catalyst or diffusion encounter mechanism
where photoexcited PW12040>” encounters a benzene molecule and undertakes a redox reaction [58].

The reciprocal plots show a linear correlation, as shown in Fig. 17 (c and d), in which the linear

dependence R? is greater than 0.98.
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Fig. 17. (a) Dependence of initial rate 7o on catalyst concentration [PW2040> o at 18.5 mM, 30.5 mM,
and 42.5 mM of the initial benzene concentration [benzene]o (b) Dependence of initial rate », on benzene
concentration [benzene]o at 1 mM, 2 mM, and 5 mM of catalyst concentration [PW2040*Jo. (c)Plot of
1/ro versus 1/[benzene]o. (d) The plot of 1/r versus 1/[PW12040>]o. Reaction condition: solution, mixture

of water and acetonitrile (50 / 50); pH, 1; light source, 300 W xenon lamp; temperature, 10 °C; under
ambient condition.

As stated above, phenol oxidation over H3PW 2040 in an aqueous solution is initialed by a
precomplexation, evidenced by an absorption band in UV-VIS spectra. However, no complexation

process was observed when using benzene as substrate instead of phenol. Fox and coworkers
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pointed out that the tightness of the association between substrates and PW 12040 parallels their
polarity [56]. The impact of substrate polarity is convincible, although the detailed mechanism for
the complexation remains obscure. Hence, benzene showed no such complexation due to the lack
of polar groups. Accordingly, the precomplexation mechanism based on L-H kinetics can be
excluded, and the diffusion encounter mechanism can account for the none-precomplexation in
benzene oxidation. Accordingly, benzene oxidation over PW 1,040 is initialed by the activation of
PW1,04¢°~ without precomplexation. In this step, O—M LMCT from the O, - based HOMO to the
W' - based LUMO can be triggered under UV light irradiation, which leads to the formation of the
photoexcited state of PW 12040 (PW12040>") [59]. PW12049>* encounters benzene to form an
exciplex before deactivation (kic), and subsequently, benzene is hydroxylated (k1) according to the

following equation (Eq. 5-7).

[®,hv
PW,,035 — PW,,035" (5)
kic
PW,,035" — PW,;,035 (6)
ki ,ET
Benzene + PW;,03;* — Benzene'* + PW;,0%, )

Here, I refer to the quantity of light absorbed, @ is the quantum efficiency for the catalyst
excitation. Neumann and coworkers reported that the excited vanadium-substituted heteropolyacid
could activate the C—H bond in benzene via the ET mechanism in the thermal catalytic system [60].
We propose a benzene oxidation reaction on PW ;040> * also involved this ET step since this
vanadate is structurally analogous to our tungstate. The electron transfer from benzene molecular to
PW 040> * occurs, forming the benzene cation radical (k1), which is rapidly hydroxylated to phenol
(Eq. 8). The amount of reacted PW 12040 is almost twice the amount of generated phenol from the

stoichiometry of this pathway, showing a good agreement with the result in Fig. 10.

fast
Benzene'* + PW,,03; + H,0 =%, Phenol + PW,,0%; + 2H* (8)

From reactions 5-7 (reactions 8 is too fast to interfere), applying the steady-state approximation for

PW1,040>", we obtain rate expression from reaction 9:

- A[PW;50,4037] _ k,[benzene]yl®
dat kic+kq[benzene],

)
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From the reciprocal plot in Fig. 17, the reaction parameters were obtained and summarized in Table

4.

Table 4. Kinetic parameters of benzene oxidation to phenol

Entry  [PW12040"]/ I®/h! kicl ki / R’
mM mM’!
1 2.08 0.0079 0.997
2 2 2.27 0.1074 0.995
3 5 2.94 0.1259 0.989

Photoexcited heteropolyacids react with organic species by the HT mechanism, in which the
abstraction of the hydrogen atom directly generates a radical intermediate. In this way, for example,

a phenyl radical will be generated after the HT process, leading to the following oxidation reaction

(Eq. 10,11).
PW,,03;* + Benzene » H* + PW,,0%, + Benzene* (10)
Benzene® +PW;,03; + H,0 — Phenol + PW,,0%, + H* (11)

Hence, to further confirm that the C—H bond activation by PW1,040>" obeys the ET mechanism,
we examined the kinetic isotope effect (KIE). The KIE was defined as kn/kp, in which kn (k1) and
kp are the rate constants for the benzene oxidation reaction conducted over benzene and benzene-
ds, respectively. Fig. 18 shows the dependence of initial rate 7 on the initial benzene concentration
[benzene]o by using benzene and benzene-ds, respectively. From the reciprocal plots, as shown in
Fig. 19, the KIE value was determined to be 1.15. This value might have been due to secondary
kinetic isotope effects, indicating the ET mechanism dominated our reaction system. Comparably,
Kochi and coworkers obtained a comparable value (1.05) in benzene oxidation with cobalt (IIT)
trifluoroacetate by ET mechanism [44]. A reasonable explanation is that the HT is more likely
involved in the oxidation of species with easily removable hydrogen atoms, e.g., alcohols. Since the
C—H bond in benzene is so strong, ET to produce a radical cation from a benzene molecule is

considered a more likely route than the direct abstraction of a hydrogen atom.
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42



Based on the above results, we can understand that the photochemical benzene oxidation over
H3PW 12040 in an aqueous solution is mechanically different from phenol oxidation. On the one hand,
the precomplexation process of phenol and photocatalyst is essential for the following
photochemical oxidation of phenol; on the other hand, it is not involved in the benzene oxidation
reaction. This difference ensures that the phenol overoxidation has been significantly inhibited by
adding acetonitrile into the solvent, although benzene oxidation is also suppressed to some extent.
Hence, benzene can be oxidized, but phenol can not be oxidized over H3PW 1,040 in our system. As

a result, a high phenol yield and unusual selectivity have been achieved.

2.4 Conclusion

In summary, we found that benzene can directly and significantly be oxidized to phenol with O,
under ambient conditions by using heteropolyacid H3PW12049 as an inorganic photocatalyst. The
addition of acetonitrile into solvent can significantly inhibit the overoxidation of phenol. Mechanic
studies and control experiments revealed the different reaction processes are involved in benzene
oxidation and phenol oxidation, which plays a key role in this unusual selective oxidation of benzene
to phenol. This study highlights heteropolyacid H3PW1204¢ as promising photocatalysts for benzene
oxidation due to several merits, including commercial availability with low price, utilization of air,
high stability, easy recyclability, and high performance. The present work reported a superior
inorganic photocatalyst for benzene oxidation to phenol with O and opened a new avenue to apply

heteropolyacid in photocatalytic organic synthesis.
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Chapter 3: Photocatalytic hydroxylation of
benzene to phenol with dioxygen using
sodium decatungstate

3.1 Introduction

Phenol is an important chemical intermediate for synthesizing petrochemicals, agrochemicals,
pharmaceuticals, and plastics [1-3]. Recently, the worldwide production of phenol has been as high
as 9.5 megatons, with approximately 90% of the phenol produced being obtained by the three-step
cumene process [4-8]. This process is energy intensive, produces toxic intermediates, and generates
an equal amount of acetone as a byproduct [9, 10]. For this reason, much effort has been devoted to
the one-pot synthesis of phenol from benzene with various oxidants (e.g., H2O2, N2O, O») in the
past few decades [11-13]. Among these oxidants, oxygen (O) is ideal because it is inexpensive and
readily available, especially because O in the air can be used directly. However, due to the low
reactivity of benzene with O,, current thermal catalytic oxidation systems generally require a high
temperature and pressure [ 14]. These harsh reaction conditions lead to a low selectivity, since phenol
i1s more reactive than benzene. Therefore, additional reductants, such as H,, CO, and ascorbic acid,
have been utilized to activate O, under mild conditions [15-18].

Photocatalytic processes can provide a green route to hydroxylate benzene to phenol at room
temperature [19, 20]. Several semiconductor-based photocatalysts, including TiO», have been
employed in this process [21, 22]. In these processes, the photoinduced holes or hydroxyl radicals
("OH) from these photocatalysts can activate C—H in benzene molecules for phenol synthesis [23].
For example, Tomita et al. reported that particles of tungsten oxide loaded with noble-metal
platinum (Pt/WO3) photocatalytically produced phenol from benzene with a 75% selectivity at a 69%
benzene conversion [24]. Chen et al. synthesized three-dimensional Bi,WOs/CdWO4, which
exhibited a phenol yield of 7.3% [25]. Li et al. reported that a Zn,Ti-layered double hydroxide
(Zn,Ti-LDH) photocatalyst showed one-step oxidation of benzene to phenol with a phenol yield of
4.6% [26]. Recently, quinolinium ions and [Ru''(Mexphen);]** have been reported to be highly active
as organic photocatalysts [27, 28]. However, developing a highly active and low-cost inorganic
photocatalyst for the oxidation of benzene to phenol with oxygen is a difficult but important

52



challenge.

Polyoxometalates (POMs) are metal-oxygen clusters with various properties, such as redox and
acid-base properties. As described in the chapter 2, a heteropolyacid (H3PW1204) showed high
activity for benzene oxidation to phenol in an aqueous acetonitrile solution. As another important
POMs, the decatungstate (DT) anion (W19O32*") has been frequently used for organic synthesis and
water purification due to its excellent photocatalytic activity [29]. Its absorption spectrum presents
a useful overlap with the solar emission spectrum, with a maximum absorption at 323 nm [30]. This
wavelength of light is more longer than that of PW1,04¢>", indicating W19O3,* maybe showed higher
photocatalytic activity. Furthermore, the solubility of the decatungstate in organic solvents and water
can be controlled by changing the type of countercation. Due to its unique photocatalytic properties,
W1003* has been used in the photocatalytic oxidation of a variety of organic substrates in organic
and aqueous media at ambient temperature and pressure [31-33]. For example, Fu et al. reported on
the selective oxidation of cyclohexane to cyclohexanol and cyclohexanone with (nBusN)sW1¢O3; in
an acetonitrile solution [34]. On the other hand, sodium decatungstate (W1903.*) was utilized in the
degradation of various pollutants, such as pesticides and halogenated hydrocarbons, due to its high
water solubility [35]. In these systems, the reaction begins by forming very reactive transient species
after photoexcitation of DT, as shown in Scheme 1 [31]. Then, this reactive species can activate
substrates with a hydrogen atom abstraction (HAT) or electron transfer (ET) process, resulting in a
wide scope products and reduced species of DT (DTrq). Then, the reduced species is readily
reoxidized with O to complete the catalytic cycle (Scheme 1) [29]. Thus, W10O3* shows a much
different oxidative behavior compared with TiO,. In TiO;-catalyzed photooxidation, hydroxyl
radicals ("OH) are the reactive oxidant species, which show a high activity for the degradation of
both initial substrates and intermediates with a low selectivity. On the other hand, the oxidation rate
of the intermediates was much slower than that of the initial substrates in photooxidation with
Wi003* systems, resulting in much slower mineralization [36-38]. We hypothesized that this

reluctant mineralization behavior of W19O3* is promising for the selective oxidation of benzene.
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DTox 41})» wO (1)
WO + Substrate — » DT, + Product (2)

DT,eq + 2H' + 1720,

DTox + Oy (3)

Scheme 1. General photocatalytic oxidation pathways of organic substrates over DT.

In this chapter, we show that benzene can be efficiently hydroxylated to phenol with O, using
DT as a photocatalyst in an aqueous solution. In addition, the photocatalytic performance is further
improved by adding a small amount of acetic acid as a co-solvent (water/acetic acid = 5/1, V/V). As
a result, a high phenol yield (17-41%) and selectivity (76—82%) are achieved within 60 min under
ambient conditions (1 atm, 10 °C). The use of acetic acid as a cosolvent enhanced the solubility of
benzene and inhibited the vaporization of benzene. Furthermore, the solvent may affect the lifetime
of the excited state of the reactants, which affects the catalytic performance of the organic synthesis
[39]. Benzene hydroxylation under anaerobic conditions is also conducted to understand the role of
oxygen and propose a phenol formation mechanism. In addition, the mechanistic difference between
W1003* and semiconductor-based photocatalysts, such as TiO», is discussed, which provides

helpful insight into the highly selective benzene hydroxylation of phenol.

3.2 Experimental

Materials and Instruments

Sodium tungstate(VI) dihydrate (Na,WO4-2H»0), benzene, phenol, and other reagents were
purchased from Wako Pure Chem. Ind. (Japan). According to the literature, sodium decatungstate
(NasW10032) was synthesized with a small modification [40]. The structure of decatungstate was
confirmed via UV-VIS spectra (extinction coefficients of 13500 M cm™ for W10032* at 324 nm)
and Fourier transform Infrared (FTIR) spectra (Fig. 1) [41]. Graphitic carbon nitride (g-C3N4) was

synthesized using urea as the precursor [42].
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Fig. 1. FT-IR spectra of NasW 10032

The UV-VIS spectra were recorded on a UV-VIS spectrometer 3100 (Shimadzu, Japan). The
samples were transferred into quartz cells (path length: 1.0 cm) and then subjected to measurements.
Fourier transform infrared (FTIR) spectra were obtained using an FT/IR-4100 spectrometer (JASCO,

Japan).

Photocatalytic performance study under aerobic conditions

Photocatalytic benzene oxidation to phenol over W;¢0:* was conducted under an air
atmosphere (1 atm) and low temperature (10 °C) in an aqueous solution. The reaction was conducted
in a 100 mL photochemical reactor equipped with a water jacket to maintain the temperature at
10 °C, as shown in Fig. 2. The illumination window on the top of the reactor is made of high-strength
quartz glass. In a typical run, a mixture of 25 mL of water and 5 mL of acetic acid containing 4 mM
benzene was added into the reactor. Then, 0.136 mM photocatalyst was added to the solution.
Photoirradiation was performed for the reaction solution under continuous stirring in air (1 atm)
with a 300 W xenon lamp. Sample aliquots were withdrawn with a syringe from the reactor after
reaction and immediately analyzed with reverse-phase high-performance liquid chromatography

(HPLC). The mobile phase was composed of 65% phosphoric solution (0.2%) and 35% acetonitrile
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with a flow rate of 1 ¢cm?/min.

» Xenon lamp
—
] A”-
[
- Condensate water
10 °C

L
L J
O O
Fig. 2. Schematic representation of photocatalytic benzene hydroxylation setup

The benzene conversion, phenol yield, and selectivity were calculated using the following
formulas.

) remained benzene concentration
Benzene conversion = (1 —

— - ) X 100%
initial benzene concentration

) produced phenol concentration
Phenol yield = —— - X 100%
initial benzene concentration

o Phenol yield
Phenol selectivity = Benzene conversion X 100%

Photocatalytic reaction under anaerobic conditions and reoxidation under aerated conditions

The reaction solution was prepared using the same method as stated above, but with excess
benzene substrate. Before irradiation with the Xenon lamp, the reaction solution was vigorously
bubbled with argon for 15 min to remove the dissolved oxygen. In addition to the HPLC analysis,
the UV-VIS spectra of the sample aliquots were also measured to examine the decatungstate. After
the reaction, the xenon lamp was turned off and the reaction solution was exposed to air. The sample
aliquots were then analyzed again with HPLC and UV-VIS spectroscopy after the reaction solution

became colorless.

3.3 Results and discussion

Photocatalytic properties of W19Q032*

The time course of the photooxidation reaction of benzene to phenol catalyzed by W¢03,* in
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water-acetic acid solution in air atmosphere (1 atm) and low temperature (10 °C) is shown in Fig.
3. First, it was confirmed that no products were detected under the reaction conditions before
irradiation in the dark. In addition, the pH of the reaction solution was approximately 2 and did not
change during the reaction. The phenol yield increased with time and reached a maximum (31%) at
120 min, but the selectivity decreased to 74% with the reaction time. Subsequently, when the time
was extended to 180 min, the selectivity further decreased to 66%, but the reaction did not stop.
This decrease in selectivity was due to the excessive oxidation of phenolic products, as evidenced
by the small amount of benzoquinone observed as a byproduct. However, the byproduct
concentration was much lower than the phenol concentration, resulting in the selective formation of

phenol in this system.
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Fig. 3 Effect of reaction time on photocatalytic benzene hydroxylation. Reaction condition:
water/acetic acid, 5/1 (V/V); pH = 2; light source, 300 W xenon lamp; temperature, 10 °C; initial

benzene concentration: 4 mM, photocatalyst concentration: 0.068 mM, air atmosphere (1 atm).

UV-VIS spectra were utilized to investigate the structural stabilization of W19O3* polyanion in
photocatalytic benzene hydroxylation in the water-acetic acid solution. As shown in Fig. 4a, the

band at = 323 nm was assigned to the oxygen-to-tungsten charge transfer of four linear W—O-W
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bridge bonds in the W1¢O3,* structure [43]. The Fig. 4b shows that both benzene and phenol
exhibited a light absorption band in the 250-350 nm region. After the reaction, the absorption band
extended to 300 nm due to the generation of phenol products. The absorbance at 323 nm was
unchanged after the reaction, indicating no decomposition of the photocatalyst during the reaction,
thereby confirming the high stability of W10O32*. The catalysts can be separated from the products
in heterogeneous solid-liquid systems [44, 45] while isolating products in homogenous systems is
more difficult. In our study, phenol could be separated from the reaction solution by ether extraction
and rotary evaporation after the reaction. We also tried to recover the catalyst by the same method,

but about 30% of the W19O3,* catalyst was lost during the separation process.
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Fig. 4 (a) UV-VIS spectra of the water-acetic acid mixture (black line), benzene (8 mM) and
W1003* (0.068 mM) in the water-acetic acid mixture (red line), benzene (8 mM), and W 1903+
(0.068 mM) in the water-acetic acid mixture after irradiation for 120 min (blue line). (b) the UV-
VIS spectra of benzene and phenol in the water-acetic acid mixture. The ratio of water and acetic

acid is 5/1; pH = 2.

The results of the benzene photooxidation reaction in various solvents are shown in Table 1. A
binary solvent consisting of either acetic acid, acetonitrile, or DMF added to water was used as the
solvent because these solvents can suppress benzene vaporization. When this photocatalytic reaction
was conducted in a mixture of water and acetic acid (5/1, V/V), the phenol yield and selectivity
were 17% and 81%, respectively (Entries 1). The addition of the co-solvent significantly affects
phenol formation in our system. In the reaction in pure water without the co-solvent, which was

performed as a comparison, W1003,* achieved a phenol yield of 16% and selectivity of 70% after
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60 min of irradiation, with a phenol formation rate of 1.36 mM h™! (Entry 2). These values are lower
than those in the water-acetic acid mixture. The low yield of phenol in the photoreaction in an
aqueous solution was probably due to the low solubility of benzene in water and the tendency of
benzene to volatilize. Another possible reason was the suppression of phenol oxidation by acetic
acid. To confirm this assumption, we investigated photocatalytic phenol oxidation in pure water and
a water-acetic acid mixture (5/1, V/V), as shown in Fig. 5. In pure water, 20% phenol was
decomposed after 120 min irradiation, which decreased to 14% after adding acetic acid as a

cosolvent.
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Fig. 5 Photocatalytic oxidation of phenol in water and water-acetic mixture. Reaction condition:
water/acetic acid, 5/1 (V/V); pH = 2; light source, 300 W xenon lamp; temperature, 10 °C; reaction

time, 60 min; photocatalyst concentration: 0.136 mM, air atmosphere (1 atm).

On the other hand, the benzene yield decreased when the benzene oxidation reaction was
conducted in a water-acetonitrile solution (Entry 3). Furthermore, the phenol yield was lower than
0.1% when using DMF as a co-solvent (Entry 4). Even under oxidative conditions (air atmosphere
at 1 atm), the color of the reaction solution changed to blue after irradiation, indicating the

accumulation of reduced catalyst in the DMF system, which was not observed in the other systems.
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These results suggest that the oxidation of DMF was facilitated by the excited DT, which was even
faster than the oxidation of benzene. These findings prompted us to investigate the oxidizability of
cosolvent by excited DT.

First, we confirmed that the UV-VIS absorption spectra of W10O32* did not change when the
solution was changed from water-acetic acid and water, which had been adjusted to pH=2. Thus,
the structure did not change when the cosolvent was changed. Hence, we performed a control
experiment in which the photocatalyst in an aqueous solution (no benzene) with different cosolvents
was irradiated under an argon atmosphere. The reduction in the catalyst after irradiation was visually
observed by the color change to blue after irradiation. A UV-VIS spectroscopic study revealed that
strong absorption bands (Amax: 630 nm, Amax: 780 nm) appeared in the visible region, indicating

the formation of heteropoly blue (W19032> or W19032%) (Fig. 6) [41].
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Fig. 6 UV-VIS spectra of the W1905:* (0.136 mM) in aqueous solution with different co-solvent
after 60 min of irradiation under argon. Water/co-solvent, 5/1 (V/V); pH = 2; light source, 300 W xenon

lamp; temperature, 10 °C.

The oxidation of water with excited DT is not observed according to UV-VIS spectra in a control
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experiment. As shown in Fig. 6, the amount of heteropoly blue in an aqueous acetonitrile solution
is much higher than that in aqueous acetic acid solution, indicating that the oxidation of acetonitrile
by excited DT is much faster than that of acetic acid. This result can explain why the phenol yield
decreases when acetonitrile is used as a cosolvent. The excited DT can attack both benzene and
acetonitrile to proceed with the redox reaction. The change in the catalytic performance when
acetonitrile was used as a cosolvent may be due to the competition of the solvent with excited DT
for oxidation. On the other hand, when the behavior of W1oO3* in water-acetic acid solution was
compared, the formation of the reduced form was significantly suppressed compared to the case
using acetonitrile. This suggests that the inhibitory effect of W19O32* on the benzene photooxidation

reaction 1s smaller for acetic acid than for acetonitrile.

Effect of polyanion structures

Reportedly, the stability of W10O32* polyanion in water strongly depended on pH [35]. Fig. 7
shows the UV-VIS spectra of solutions of W19Os.* polyanions dissolved in a water-acetonitrile
solution and then adjusted to various pH values using HC1O4 or NaOH. To maintain the W;oO3,*
structure in an aqueous solution, it is necessary to keep the pH of the solution below 6.9 [46,47].
The peak at 323 nm in the UV-VIS spectra showed no change when the pH increased from 2 to 6,
which is consistent with the stability of W10O3* in the acidic solution [46]. When the pH was further
increased, polyanions decomposed to form monomeric WO4?> species. As a result, the peak at 323
nm decreased and even disappeared. The pH dependence of hydroxylation from benzene to phenol
is strongly related to the structural stability of the polyanion. As shown in Table 1 (Entries 3 and 5),
the phenol yield and formation rate showed almost no change when the pH value increased from 2
to 6. However, no phenol was generated in a basic solution (pH = 8, 10, or 12) (Entry 6-8).
Furthermore, we confirmed that the phenol formation reaction did not proceed in the control
experiment at a pH of 2 with no catalyst (Entry 9). These findings indicated that W1003,* polyanions

were the active species for benzene hydroxylation.
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Fig. 7 UV-VIS spectra of W¢03.* (0.068 mM) in water-acetonitrile (5/1, V/V) at different pH value

Table 1 Photocatalytic benzene oxidation to phenol with W93, in various solvents ?

W100324', air, 1 atm H
@ 10 °C, hv, 60 min -
Entry  Solvent pH Phenol yield Selectivity ~ Rate (mM h™') ®
value (%) (%)
1 Water-acetic acid (5/1) 2 17 81 1.45
2 Pure water (1/0) 2 16 70 1.36
3 Water-acetonitrile (5/1) 2 13 78 1.11
4 Water-DMF (5/1) 2 <0.1 - -
5 Water-acetonitrile (5/1) 6 12 77 1.10
6 Water-acetonitrile (5/1) 8 <0.1 - -
7 Water-acetonitrile (5/1) 10 0 - -
8 Water-acetonitrile (5/1) 12 0 - -
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9 Water-acetonitrile (5/1) ¢ 2 0 - -

10  Water-acetic acid (5/1) © 2 0 - -
11 Water-acetic acid (2/1) 2 11 81 0.94
12 Water-acetic acid (1/2) 2 3 82 0.26
13 Water-acetic acid (0/1) 2 <0.1 - -

? Reaction condition: light source, 300 W xenon lamp; temperature, 10 °C; irradiation times, 60
min; catalyst concentration, 0.136 mM; benzene concentration, 8.5 mM; under ambient condition;

® based on phenol formation; ¢ without photocatalyst

Effect of reaction conditions

The effect of the volume ratio of water to acetic acid on benzene oxidation was investigated.
We first confirmed that no phenol was generated without a catalyst in the water-acetic acid system
(pH = 2) in a control experiment (Entry 10, Table 1). As demonstrated above, the phenol yield and
selectivity increased from 16% and 70% to 17% and 81%, respectively, when decreasing the ratio
from 1/0 to 5/1 (Entries 1 and 2). However, the phenol yield continuously decreased to 3% by further
increasing the ratio to 1/2, while the phenol selectivity showed no obvious changes (Entries 11 and
12). Notably, no measurable phenol was generated when the water and acetic acid ratio decreased
to 0:1 (Entry 13). In addition, the phenol formation rate continuously decreased when the amount
of acetic acid was increased. Thus, benzene oxidation and phenol formation were significantly
suppressed when acetic acid was present in excess. Consequently, the maximum yield of phenol
was obtained when the water and acetic acid ratio was 5/1.

The effect of the benzene concentration on photocatalytic benzene hydroxylation was
investigated. As demonstrated in Fig. 8, the phenol selectivity and phenol formation rate gradually
increased from 76% and 0.51 mM h'!' to 82% and 1.39 mM h! when the initial benzene
concentration increased from 0.9 mM to 8.5 mM. This increased phenol formation indicates an
improved benzene hydroxylation, which may be ascribed to an increase in benzene radical cations
at higher benzene concentrations [39]. The higher selectivity in the increased benzene concentration
indicates suppressed overoxidation. However, the phenol yield continuously decreased from 41%

to 17% when the benzene concentration increased from 0.9 mM to 8.5 mM. This decrease is likely
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due to an insufficient interaction between substrates and an excited photocatalyst in excess benzene

concentration.

g
o

:
+
:

Selectivity

1
—_
w

Rate for pheno formation / mM h’

Rate .

—
o

S s
@

®
o
(%]

Phenol yield / selectivity / %

Phenol yield

0 v 1 v I v 1 v I v 1 v I v I v I

0 1 2 3 4 5 6 7 8 0
Initial benzene concentration / mM

Fig. 8 Effect of initial benzene concentration on photocatalytic benzene hydroxylation. Reaction
condition: water/acetic acid, 5/1 (V/V); pH = 2; light source, 300 W xenon lamp; temperature, 10 °C;

reaction time, 60 min; photocatalyst concentration: 0.136 mM, air atmosphere (1 atm).

The benzene hydroxylation reaction was performed using different photocatalyst concentrations,
as displayed in Fig. 9. The results demonstrated that when the photocatalyst concentration was
between 0.034 mM and 0.136 mM, the phenol yield and formation rate increased from 12% and
0.48 mM h™! to 24% and 1.0 mM h!, respectively, with no obvious selectivity change. This improved
effect is due to the increase in the light absorption by the photocatalyst at higher concentrations.
However, this effect of the photocatalyst concentration on the phenol yield was nearly neglected
when the photocatalyst concentration was beyond 0.136 mM, which is likely due to light absorption
saturation. Hence, a concentration of 0.136 mM was utilized as the optimized concentration of the

photocatalyst in our system.
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Fig. 9 Effect of photocatalyst concentration on photocatalytic benzene hydroxylation. Reaction
condition: water/acetic acid, 5/1 (V/V); pH = 2; light source, 300 W xenon lamp; temperature, 10 °C;

photocatalyst concentration: 0.136 mM, benzene concentration: 4 mM, air atmosphere (1 atm).

Proposed mechanism for photocatalytic benzene hydroxylation

According to previous works, WoO3,*

“can absorb light and result in a singlet excited state,
transferring to a relatively stable intermediate (wO) [16]. This transformation occurs through a
reorganization of the singly occupied orbital centered on oxygen atoms, leading to the formation of
highly electrophilic oxygen centers in wO. The reaction between wO and organic compounds can
occur through a HAT or ET process for organic synthesis or pollutant degradation. Hence, in order
to understand the reaction mechanism of benzene oxidation with W1003?, it is important to confirm
that this HAT or ET can occur using benzene as a substrate.

As described above, photocatalysts and light irradiation are necessary for benzene oxidation to
phenol in our reaction system. Therefore, the formation of phenol is undoubtedly due to

photocatalytic benzene oxidation with W9Os*. We performed the benzene oxidation reaction

under an anaerobic atmosphere in a control experiment to investigate this process in more detail.
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After irradiation, the generation of heteropoly blue was visually observed because the reaction
solution changed from colorless to blue (inset of Fig. 10a). The absorption band in the visible region
is significantly stronger than that without a benzene substrate, as shown in Fig. 10a, indicating the
occurrence of benzene oxidation with wO. The formation of these reduced species can be calculated
using the extinction coefficients of W19032> (3300 and 7000 M cm™ for W10032> at 630 and 780
nm, respectively) and W1903% (14000 and 5390 M™! cm! for at 630 and 780 nm, respectively), as
shown in Fig. 10b [41]. Accordingly, there is the generation of both one-electron-reduced forms
(W10032>) and two-electron-reduced forms (W1003.%) of W1¢03.*. The time course profiles for
phenol formation showed that the phenol concentration increased to 0.12 mM at 30 min and then
remained saturated. As described above, the co-solvent may also be oxidized, which will result in
the generation of W1003,>~ and W1003,%". We performed this anaerobic benzene oxidation reaction
in pure water without acetic acid to further exclude this effect. As shown in Fig. 10c, the peak at
780 nm dominated, indicating that W10O3,>" dominated, while almost no W1003% was generated
according to the extinction coefficients of W19O3° and W1003%. This result is different from that
in an aqueous acetic acid solution that showed the generation of W1903,>" and W10032% (Fig. 6a).
Notably, the amount of phenol produced in pure water (0.11 mM) was equivalent to half of the
amount of W19O3,> produced (Fig. 10d), indicating that the two-electron oxidation of benzene to

phenol is associated with the formation of W 003"
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Fig. 10 UV-VIS spectra of the reaction solution after 10, 30, 60 min of irradiation under argon in a
water-acetic acid mixture (5/1, V/V) (a) and pure water (c); Time course for the phenol formation
under anaerobic condition in a water-acetic acid mixture (5/1, V/V) (b) and pure water (d). Reaction
condition: pH = 2; light source, 300 W xenon lamp; temperature, 10 °C; photocatalyst concentration:

0.544 mM, saturated benzene concentration, air atmosphere (1 atm).

It should be noted that there is another possible route involving hydroxyl radicals ((OH), which
originated from H,O oxidation from wO, according to previous work [48]. However, this process
was not important in our system because we did not observe any reduced W1003,* species, which
is direct evidence of the oxidation of H,O with wO.

Based on the above results and previous work, a plausible mechanism for the DT
photooxidation of benzene to phenol is outlined in Scheme 2 [37]. Under UV irradiation, W19O3*
was raised to an excited state (W19O32*"), which rapidly relaxed to an actual excited state (wO) or
original state (t < 30 ps). It has been reported that ET and HAT processes compete upon the

photoactivation of C—H bonds in organic substrates. To investigate ET or HAT dominating the
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mechanism, we examined the kinetic isotope effect (KIE), since the ET or HAT step is the rate-
determining step based on the lifetimes of the intermediates (as shown in Scheme 2) and the steady
state of W1903:*. We obtained the kinetic parameters of benzene oxidation at a certain substrate
concentration, in which both the oxidation of benzene and benzene-ds obeyed the pseudo-first-order
kinetic model (Fig. 11). The KIE (kw/kp) was determined to be 1, which may be ascribed to a
secondary kinetic isotope effect. This KIE indicates that the ET mechanism may dominate our
reaction system [49]. Two other facts also support the ET process in benzene hydroxylation in our
system as follows. First, HAT mainly involves the oxidation of substrates containing weak C—H
bonds, such as alcohols, while ET is present when the reaction involves oxidizable substrates, such
as aromatic amines or aromatic hydrocarbons [50]. The latter situation is true for benzene, since the
C—H bond in benzene is too strong to be abstracted. Second, previous work already showed no
activity of benzene oxidation via the HAT process in an acetonitrile solution [34]. Hence, a benzene
cation radical was believed to be produced from an ET process, which can subsequently react to
give phenol through a pathway similar to the process involved in a previously reported vanadium-

containing POM (Eq. 1, 2) [51].

“ + wo T ||"’| + Wyg0g% (1

- OH
X fast
||'t, + W100324- + HZO - [l ] + W1UO3257 + 2H* (2)

As expected, the amount of generated W 1903, is twice the amount of phenol generated from
the stoichiometry of this pathway, showing good agreement with Fig. 6d as described above. Then,

W 1003 reoxidized with Oy back to W10032* to complete the catalytic cycle (Eq. 3 in Scheme 1).

© Qo

t =100 ns ¢ =100 ns

t<30ps *

t << 200 ns \ W,,0;,*
+| 5 4% HZO
H*[W,40;,%] Wi003, W00,
OH

HAT t<<30ps ET ©/
0, | // hv 0,

W05,

o

Scheme 2. Proposed mechanism of the photocatalytic hydroxylation of benzene to phenol.
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Fig. 11. Photocatalytic hydroxylation of benzene or benzene-ds at different time interval. Reaction
condition: water/acetic acid, 5/1 (V/V); pH = 2; light source, 300 W xenon lamp; temperature, 10 °C;

photocatalyst concentration, 0.136 mM, benzene concentration: 4 mM, air atmosphere (1 atm).

The detailed pathway for the reoxidation of W00, is discussed as follows: first, the electron
transfer from W9032> to O2 occurs by an outer-sphere mechanism to form superoxide radicals ("02)
(Eq. 3) [52], which can be rapidly transformed to a superoxide intermediate ("HO,) (Eq. 4).
Subsequently, "HO can cause spontancous disproportionation, resulting in H,O, and O, (Eq. 5) [53].
Notably, the generation of H,O, was confirmed in our system, which is consistent with previous
work (Fig. 12). The amount of H,O» produced during the reaction was determined spectroscopically
[4]. After the photoreaction stopped, Nal (200 mM) was added to the reaction solution, and the
absorption spectrum of I3~ species formed by the reaction of I with H,O, was measured. The
concentration of H,O, was determined from the absorbance at the absorption maximum (A= 350 nm)

of the I3™ species
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Fig. 12. UV-VIS spectra: aqueous solution of (a) Nal (0.2 M) before and (c) after addition of a solution

of the product mixture; (b) diluted solution of the product mixture

W10022> + 0, Wi0a+ + "0y 3)
"0y + H "HO, (4)
'HO, +°HO, H,0, + O, (5)

Furthermore, hydroxyl radicals ('OH) may be generated from H>O», which can attack benzene

to give phenol, according to this pathway (Eqs. 6 and 7) [54].

Ha0; + Wig030™ + H*

"OH + Wy03,* + H,0 (6)
e ‘OH
[T +Ho 7

\J +2 "OH
However, the H,O»-induced phenol formation process was not important in our system, which can
be explained by the following reasons. According to the results shown in Fig. 10 (b and d), no phenol
generation occurred, while the reduced species were reoxidized to their original state within 30 min
after the light was turned off and they were exposed to air again. Hence, the direct reoxidation of
W1903:” with O, (Eq. 3) is dominate rather than with H>O» (Eq. 6) in the reoxidation process. This

result is consistent with previous studies, which showed that the reoxidation of POMs with H,O is
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kinetically slower than that with O, [55-57].

Comparison of W1903:" with other photocatalysts for benzene hydroxylation

Photocatalytic systems for benzene hydroxylation to phenol under mild conditions have been
reported in recent years. Table 2 lists the previous photocatalysts for the oxidation of benzene to
phenol in an O»/air atmosphere. Noble metal-based heterogeneous photocatalysts, including Au-
Pd/TiO, and Pt/WO3;, showed higher phenol yields but relatively lower selectivities than noble
metal-free heterogeneous photocatalysts (Entries 1—5). For noble metal-free photocatalysts, with
the exception of TiO@MCF, which showed a very low selectivity (35%), BioWOs/CdWO4 and
Zn,Ti-LDH showed high phenol selectivities in 2—4 h. However, they generally showed a low
phenol yield (14%, 7%, and 5%, respectively). In addition, organic photocatalysts showed a higher
phenol yield or selectivity than heterogeneous semiconductor-based photocatalysts (Entries 6-9) in
1-24 h [58]. As an inorganic photocatalyst, W1903.* showed comparable and even higher phenol
yields and selectivities than most reported photocatalysts (Entries 10 and 11) in a short reaction time
(1 h). Although QuCN™ based system showed a similar phenol yield but higher selectivity in 1 h
(Entry 6), it was performed in acetonitrile solution as a general reaction media for organic
photocatalysts. Hence, W10O3* as an inorganic photocatalyst in an aqueous solution showing

promising application potential.

Table 2 Comparison of the performance of the W10O3,* with the previous photocatalysts for aerobic

oxidation of benzene.

Entry Photocatalysts Atmosph Reaction Phenol yield Selectivity Ref.
ere time (h) (%) (%)
1 Au-Pd/TiOy* 02 2.5 30 - [59]
2 Pt/WO3? Air 4 51 69 [24]
3 TiO2@MCF 02 2 14 35 [60]
4 Bi;WOs/CdWO4 02 3 7 99 [25]
5 Zn,Ti-LDH Air 4 5.0 87.2 [26]
6 QuCN*® 02 1 30 98 [28]
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# Noble metal-based photocatalysts. ® Organic photocatalysts.

To further study the photocatalytic benzene hydroxylation behavior of W10Os2*, the catalytic

activity of various photocatalysts in our system was compared. As summarized in Table 3 (Entries

1-3), W10O32* showed a much higher activity for photocatalytic benzene hydroxylation than

Keggin-type POMs, such as PW1,040* and PMo012040*. The higher activity of W1903,* is related

to two aspects: (1) The maximum absorption of W19O3* at 323 nm is much longer in wavelength

than that of PW12040> (265 nm). As shown in Fig. 13, the light absorption of W0O3* was extended

to 400 nm, indicating an important overlap with the emission spectra of the xenon lamp used in our

system. (2) Although the absorption of PMo01,04¢>” overlapped with the xenon lamp, the activity was

even lower than that of PW1,040>. The reluctant reoxidation of heteropoly blue of PMo12040> with

O, during the reaction was observed, indicating that the reaction stopped. The prevented catalytic

cycle is the reason why PMo12040> showed a lower activity than tungsten-containing POMs in our

aqueous acetic acid solution.
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Fig. 13. Emission spectrum of Xenon lamp used in our system and UV-VIS
spectra OfW100324_, PW120403’, and PM0120403’.

Notably, semiconductor-based photocatalysts, including TiO» (P25), WOs3, and g-C3N4, showed
very low (< 0.1) or no detectable phenol (Entries 4-6). However, TiO, showed a 17% phenol
formation at a 25% benzene conversion with a 69% selectivity in pure water. Although W 003.*
showed a higher benzene conversion in pure water, the lower phenol selectivity leads to a lower
phenol yield (Entries 7-8). The above result indicates that acetic acid completely prevented benzene
hydroxylation over TiO,, while benzene hydroxylation over W1903,* also decreased somewhat. It
has been reported that the photocatalytic hydroxylation of benzene in TiO, systems is dominated by
holes and highly active radicals, especially hydroxyl radicals ("OH) (Route A, Scheme 3) [62,63].
Completely prevented benzene hydroxylation may occur due to kinetic competition by adding acetic
acid for the reaction with holes and "OH. This highly active radical is not selective and scavenged
by excess acetic acid, resulting in completely inhibited benzene hydroxylation of TiO; (Entries 4,8).
However, in W19Ox*, the wO-initiated ET process dominated the benzene hydroxylation reaction,
as described above (Route B, Scheme 3). From the above results, we know that wO-initiated ET

was only slightly suppressed by comparing the benzene conversion in the presence or absence of

73



acetic acid (Entries 1 and 7 in Table 3).

™ _ OH

ﬂ*J

Scheme 3. Two routes for the photocatalytic hydroxylation of benzene to phenol.

Table 3 Photocatalytic benzene oxidation to phenol with W19O3,* in various solvents *

Photocatalyst H
air, 1.atm

—_—
10 °C, hv, 60 min

Water/acetic acid = 5/1

Entry Photocatalysts Benzene Phenol yield Selectivity ~ Type of
conversion (%) (%) (%) photocatalysts

1 Wi9032* 30 24 81 POMs

2 PW1204¢> 5 4.5 89 POMs

3 PMo,040™ 1 0.7 73 POMs

4 TiO, <0.1 <0.1 - Semiconductor
5 WOs 0 - - Semiconductor
6 g-C3Ny 0 - - Semiconductor
7 Wig03* P 38 23 61 POMs

8 TiO,° 25 17 69 Semiconductor

# Reaction condition: light source, 300 W xenon lamp; temperature, 10 °C; irradiation times, 60
min; benzene concentration, 4 mM; Water/co-solvent, 5/1 (V/V); pH = 2; under ambient condition;

catalyst concentration, 0.136 mM or 0.333g/L; ® in pure water.

The hydroxylation process in the presence or absence of acetic acid was further studied using
substituted benzene compounds (Table 4) [4-6]. The WioOs* catalyst exhibited negligible
hydroxylation activity for anisole in the presence or absence of acetic acid (entries 1 and 2). The
amount of reduced polyanion formed in the anisole oxidation reaction in the absence of oxygen was
much less than that in the benzene oxidation reaction, indicating that the electron transfer from
anisole to the excited catalyst proceeds more slowly than that from benzene. TiO, was also found to

show low activity for hydroxylation of anisole than benzene (entry 3). On the other hand,
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photooxidation of nitrobenzene in water-acetic acid solution yielded the product o-nitrophenol with
a conversion of 3% and selectivity of 89% (Entry 4). Similar to benzene, when nitrobenzene was
used as a substrate in pure water, the conversion rate increased, but the selectivity decreased (Entry

5).

Table 4 Photocatalytic oxidation of substituted benzene with W19O3* in various
solvents *

Entry Substrate Conversion ortho para
(%) selectivity (%) selectivity (%)
1 Anisole <0.1 - <0.1
2 Anisole® <0.1 - <0.1
3 Anisole ° 2 21 <0.1
4 Nitrobenzene 1 89 <0.1
5 Nitrobenzene ° 3 72 <0.1

* Reaction condition: light source, 300 W xenon lamp; temperature, 10 °C; irradiation
times, 60 min; substrate concentration, 1 mM; Water/co-solvent, 5/1 (V/V); pH = 2; under
ambient condition; catalyst concentration, 0.136 mM or 0.333g/L; © in pure water; °10 mg of
TiO; as photocatalyst.

It can be seen that the hydroxylation rates for anisole and nitrobenzene are lower than those for
benzene. The lower reactivity of nitrobenzene is reasonable since a nitro group is an electron-
withdrawing group, and the electron transfer from nitrobenzene to the catalyst is less progressive.
On the other hand, anisole, which has an electron-donating group, also showed lower reactivity than
benzene in this system, consistent with previous reports [25,67]. According to previous reports, the
reason for the lower reactivity of anisole than benzene may be that the methoxy group of anisole
destroys the planar structure of the molecule and increases the steric hindrance when interacting
with active species such as catalyst and "OH [68]. It should be noted that "OH in the Fenton reaction
showed much higher activity for phenol oxidation than benzene (Table 5). This behavior is different
from W1003,*-catalyzed photooxidation, in which the rate for phenol oxidation is lower than that

for benzene oxidation, indicating that OH radical is not the active species for benzene oxidation.

Table 5 Oxidation of aromatics by Fenton reagent *

Entry Substrate Reaction conversion
time (min) (%)
1 Benzene 30 32
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2 Phenol 10 100

* Reaction condition: temperature, 10 °C; substrate concentration, 1 mM; solvent, water; pH

= 3; under ambient condition; ferrous sulfate, 2 mM; H,O,, 200 mM.

Importantly, although acetic acid slightly decreased the benzene conversion, phenol oxidation
was simultaneously suppressed, as described above. As a result, a higher phenol selectivity with no
significant decrease in the phenol yield were obtained by adding acetic acid to our photocatalytic

system, in a marked contrast with TiO».

3.4 Conclusion

One-pot benzene hydroxylation to phenol with O> under ambient conditions was successfully
performed using W1203* as an inorganic photocatalyst. The phenol yield and selectivity were
improved, reaching 17%-41% and 76%-82%, respectively, by adding a small amount of acetic acid
as a co-solvent. On one hand, acetic acid improved the benzene solubility and suppressed the
vaporization of benzene during the reaction. On the other hand, phenol oxidation was suppressed
due to the presence of acetic acid, which can be competitively oxidized with wO together with the
substrate. The Wi03* activity was significantly higher than that of some other typical
photocatalysts, such as PW1204¢° and TiO, (P25), in our system. An ET process differs from the
hydroxyl radical pathway involved in TiO», resulting in a high phenol yield in our system. This work
provided a promising method for benzene hydroxylation to phenol with O, and expanded the

applications of DT-based photocatalytic organic synthesis.
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Chapter 4: Investigating the potential of
supported H3;PW 1204 as heterogenous
photocatalyst for benzene oxidation to
phenol

4.1 Introduction

Polyoxometalates are anionic nanoclusters of early transition metal oxides with various
structures [1]. They are usually used for homogeneous catalytic reactions due to their high solubility
in polar solvents. Among polyoxometalates, Keggin-type phosphotungstic acids (H3PW12040;
denoted HPW) have been frequently studied due to their high Brensted acidity and reversible redox
properties. They can also be used as photocatalysts, as they absorb near-ultraviolet light and can be
excited into highly reactive chemical species (HPW*) [2]. The HPW* species acts as a better oxidant
than HPW in the ground state for the oxidation of organic substrates, resulting in the formation of
products and heteropoly blues (reduced state of HPW). The generated heteropolyblue is then readily
reoxidized by O» to complete the catalytic cycle [3]. Based on this reaction mechanism, we reported
photocatalytic benzene oxidation to phenol with HPW in a homogenous reaction system, which
showed high phenol yield and selectivity.

In addition to homogeneous catalytic reactions, heteropoly acids immobilized on TiO», carbon,
AL O3, Zr0O,, zeolites, and metal-organic frames (MOFs) can be used for heterogeneous catalytic
reactions [4—8]. Bertolini et al. synthesized HPW-TiO, composites for selective oxidation of toluene
to benzaldehyde under photoirradiation [4]. Qu et al. prepared mesoporous HPW-ZrO, composites
for photocatalytic degradation of aqueous 4-nitrophenol (4-NP) and dye methylene blue (MB) [8].
HPW has been encapsulated in MOFs as an efficient and recyclable photocatalyst for the
degradation of harmful sulfamethazine in water [9]. Thus, the effectiveness of HPW as a
photocatalyst has been demonstrated in heterogeneous catalysts.

Mesoporous silica is a promising support material due to its high surface area, high stability, and
ordered mesoporous structure [10, 11]. A common method to immobilize HPW is to impregnate the

support with a solution containing HPWs and then evaporate the solvent [12—14]. By using this
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method, HPWs can be immobilized on almost all supports, including mesoporous silica [15]. Recent
reports have outlined a direct sol-gel synthesis route for incorporating HPW into mesoporous silica
by encapsulating HPW during the synthesis of silica materials [16-21]. In the directly synthesized
sample, a chemical interaction is formed between the Keggin units and silica species, resulting in a
homogeneous dispersion of HPW and improved stability [22]. This chemical interaction is
evidenced by Fourier-transform infrared (FTIR) spectroscopy [17]. In addition, the high dispersion
of HPW was also confirmed by X-ray diffraction (XRD): there was no peak observed for the
samples prepared by the direct sol-gel method, while all HPW peaks were observed in the XRD
pattern for the samples prepared by an impregnation method [16, 22].

Supported heteropoly acids have been reported as photocatalysts for organic synthesis and
degradation of pollutants in aqueous solutions [3, 7, 23-29]. In these heterogeneous systems,
leaching of polyanion species generally occurs due to their high solubility in water [30]. This
leaching is believed to be responsible for a decrease in photocatalytic activity after successive
reaction cycles [30]. However, no attention has been given to the contribution of the leached
polyanions to homogenous catalytic reactions, which should not be neglected since polyanions have
already been proven to be efficient homogeneous photocatalysts. Hence, a detailed study of the
leaching behavior and activity of leached polyanions is crucial for a comprehensive understanding
of the photocatalytic oxidation processes on supported heteropoly acid catalysts.

In this work, HPW was supported on mesoporous silica SBA-15 by a direct sol-gel method and
a wet impregnate method. The structural and textural properties of the photocatalysts were fully
characterized, and their applicability for photocatalytic benzene oxidation with O in a heterogenous
system has been investigated. To gain insight into the reaction mechanism, we investigated the
leaching behavior of the supported HPW catalysts and the activity of leached species as homogenous
photocatalysts. Leaching kinetic studies were carried out to investigate the interaction between
HPW and SBA-15. In addition, the applicability of the supported HPW catalysts to solid-gas phase

catalytic reactions was investigated.

4.2 Experimental

Materials
Pluronic P123 and tetraethyl orthosilicate (TEOS, 98%) were purchased from Sigma—Aldrich
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(Japan). Hydrochloric acid (HCI), H3PW 12,040 (HPW), benzene, and other reagents were purchased
from Wako (Japan). HPW was purified by ether extraction and recrystallization from water before

use.

Preparation of photocatalysts

Supported HPW catalysts were prepared by a direct synthesis method and impregnation
method. In the direct sol-gel method, the samples were prepared using a slight modification of a
previously reported method (Scheme 1) [17]. First, 2.5 g of Pluronic P123 was dissolved in 40 g of
deionized water and 25 g of 6 M HCI under stirring at 40 °C for 30 min before P123 was completely
dissolved. Next, a 10 mL calculated amount of HPW aqueous solution was added dropwise under
vigorous stirring. After 24 h, 5.4 g of TEOS was added dropwise into the mixture under rapid stirring.
A white precipitate was observed to be formed, and the mixture was subsequently stirred for another
24 h (40 °C) to allow sufficient interaction between silica and HPW. Then, the obtained white
suspension was transferred into a Pyrex bottle and subjected to an aging process for 24 h at 80 °C
under static conditions. Finally, the white suspension was removed from the bottle, washed with
deionized water, and filtered to obtain a white solid. The solid was dried at 60 °C for 12 h and then
heated at 500 °C for 4 h in air. The template (P123) was not completely removed by heat treatment

at 300 °C and 400 °C, and the sample was observed to turn a brown color, as shown in Fig. 1.
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Scheme 1 Illustration of the preparation of DI-HPW/SBA-15 composite
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Fig. 1. Photograph of DI-HPW3/SBA-15 calcinated at different temperature

The catalysts prepared by adding calculated amounts (10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%)
of HPW are denoted as DI-HPW;/SBA-15, DI-HPW,/SBA-15, DI-HPW3/SBA-15, and DI-
HPW.4/SBA-15. SBA-15 was prepared by using the same method without the addition of HPW to
the silica precursor solution. The HPW/SBA-15 catalysts prepared by the impregnation method with
calculated amounts (10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%) of HPW are denoted as IM-

HPW//SBA-15, IM-HPW,/SBA-15, IM-HPW3/SBA-15, and IM-HPW4/SBA-15, respectively.

Catalyst characterization

The Fourier-transform infrared (FT-IR) experiment was carried out using a spectrometer. A
diffuse reflectance UV3100 system equipped with a diffuse reflectance accessory (Shimadzu, Japan)
was used to obtain UV-VIS spectra. The X-ray diffraction (XRD) patterns were scanned at 40 kV
and 40 mA (the step rate was 2°/min) by using a RINT 2200 diffractometer (RIGAKU, Japan) with
Cu-Ko radiation (1.54 A). Porosimetry measurements were conducted via N, physisorption using a
Quantachrome Nova 4200e porosimeter: samples were degassed at 200 °C for 2 h before analysis
by nitrogen adsorption at —196 °C. The surface area and pore size distribution were estimated as the
main textural parameters based on the Brunauer—Emmett-Teller (BET) and Barrett—Joyner—
Halenda (BJH) methods. The STEM observations were carried out using a JEM-ARM200F system

(JEOL, Japan). The *'P MAS-NMR was recorded using a INM-ECA400 (JEOL, Japan).

Photocatalytic performance study
Photocatalytic oxidation of benzene to phenol was conducted in a 100 mL photochemical

reactor equipped with a water jacket to maintain the temperature at 10 °C. The top of the reactor
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contained an illumination window fabricated from high-strength quartz glass. In a typical run, a
mixture of 25 mL water and 5 mL acetonitrile containing 7 mM benzene was added to the reactor
before being exposed to air. Then, 0.1 g of photocatalyst was added with continuous stirring for 15
min until adsorption equilibrium was reached. A 300 W xenon lamp was used as the irradiation
source for the photocatalytic reactions. After each irradiation time interval, sample aliquots were
withdrawn from the reactor with a syringe and filtered to be immediately analyzed with high-
performance liquid chromatography (HPLC). The mobile phase was composed of 65% phosphoric
solution (0.2%) and 35% acetonitrile with a flow rate of 1 cm?/min.

The benzene conversion, phenol yield, and selectivity were calculated using the following

formulas:

remained benzene concentration

Benzene conversion = (1 — ——— - ) X 100%
initial benzene concentration
. produced phenol concentration
Phenol yield = —— - x 100%
initial benzene concentration
. Phenol yield
Phenol selectivity = x 100%

Benzene conversion

Leaching kinetic experiment

The interaction of HPW and silica support was tested with a leaching kinetic experiment.
Typically, a 0.1 g sample was added into a 200 mL strong acid aqueous solution (pH = 1) with
vigorous stirring at room temperature. The strong acid solution and large water amount was utilized
to facilitate the HPW leaching. Sample aliquots (1 mL) were withdrawn from the suspension with
a syringe after each irradiation time interval. The solution was obtained by filtering out the catalyst

and immediately analyzed with UV-VIS spectroscopy to determine the amount of leached HPW.

4.3 Results and discussion

Catalyst structure

Fig. 2 shows the XRD patterns for SBA-15, DI-HPW/SBA-15, and IM-HPW/SBA-15. The
DI-HPW/SBA-15 sample calcined at 500 °C shows only a single broad diffraction peak at
approximately 23.2-23.7°, which is the same as that for SBA-15. The samples synthesized at
relatively lower temperatures (300 and 400 °C) did not show any HPW peaks, as was the case for
the sample synthesized at 500 °C (Fig. 3) [16]. On the other hand, the XRD pattern for the IM-
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HPW/SBA-15 composites show characteristic peaks for crystalline HPW, and the peak intensities
increase with increasing amount of HPW added, indicating the presence of aggregated HPW (Fig.
2b). The elemental mapping for DI-HPW4/SBA-15 by STEM and EDS is shown in Fig. 4. W, O, Si,

and P are relatively uniformly distributed, indicating that HPW is highly dispersed on SBA-15.
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Fig. 2. (a, b) XRD patterns of HPW/SBA-15 composites;
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Fig. 3. XRD of IM-HPW/SBA-15 composites
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Fig. 4. STEM and EDS elemental mapping of W, O, Si, and P on DI-HPW4/SBA-15

Fig. 5 shows N, adsorption-desorption isotherms for SBA-15- and SBA-15-supported HPW
catalysts. All samples exhibit typical IV-type isotherms and H1-type hysteresis loops at high relative
pressures. In the DI-HPW/SBA-15, DI-HPW,/SBA-15, and DI-HPW3/SBA-15 composites, the
isotherms have similar shapes, and hysteresis loops are observed in the same relative pressure range
(0.5-0.7), but this relative pressure range is higher than that of SBA-15. This finding suggests that
the pore structure of the SBA-15 support is changed by the deposition of HPW. This structural
change is also supported by the pore distribution curves obtained by the BJH method. As shown in
Fig. 5b, the pore size distributions for the SBA-15 and DI-HPW/SBA-15 composites are narrow,
but their average sizes are different. The pore size for DI-HPW/SBA-15 is slightly larger than that
for SBA-15. For the IM-HPW/SBA composite, the isotherms for each sample are similar to those
for SBA-15, but the amount of adsorbed N, decreases with increasing HPW loading (Fig. 5c). The
pore size range is also unchanged, and the pore volume decreases monotonically as the HPW loading
is increased (Fig. 5d). The textural properties of SBA-15 and all SBA-15-supported HPW are
summarized in Table 1. All the DI-HPW/SBA-15 composites show a high total surface area, i.e., in
the range of 364707 m*/g, which decreases with increasing HPW loading (Table 1). Similarly, the
surface area of IM-HPW/SBA-15 decreases from 505 m*/g to 232 m?/g with increasing HPW

addition.
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Fig. 5. (a and c¢) Nitrogen adsorption-desorption isotherms and (b and d) Pore size radius

distributions of the SBA-15 (SBA) and the HPW/SBA-15 composites.

Table 1. Textural properties of the SBA-15 and HPW/SBA-15 composites.

Catalyst Spet (M?/g) Pore diameter Pore volume
(nm) (cm*/g)
SBA-15 675 4.4 0.74
DI-HPW/SBA-15 707 5.0 0.88
DI-HPW»/SBA-15 584 5.0 0.74
DI-HPW3/SBA-15 461 5.0 0.58
DI-HPW4/SBA-15 364 4.0 0.36
IM-HPW//SBA-15 505 4.4 0.56
IM-HPW>/SBA-15 437 4.4 0.48
IM-HPW3/SBA-15 373 4.2 0.39
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IM-HPW4/SBA-15 232 4.1 0.32

FTIR was utilized to investigate the structure of the DI-HPW/SBA-15 and IM-HPW/SBA-15
samples (Fig. 6 and Fig. 7). A mechanical mixture of HPW and SBA-15 was also tested as a
reference. As shown in Fig. 6a, pure HPW shows IR bands at approximately 1079 cm™ (stretching
frequency of P-O in the central PO, tetrahedron of HPW molecules), 987 cm™ (terminal bands for
W=0y in the exterior WO octahedron), and 890 cm™ and 806 cm™' (bands for the W—O,—W and
W-0.W bridges, respectively), corresponding to asymmetric vibrations associated with Keggin
ions [31, 32]. The bands for P-O and W—O.W overlap due to the stretching of Si—~O—-Si in SBA—
15 [33]. The W=0y band for all DI-HPW/SBA-15 composites shifts from 987 cm™ to 966 cm™!
compared with the spectra obtained for bulk HPW, which is consistent with previous studies [17,
22]. This shift is due to the effect of chemical interactions between HPW molecules and the silica
frameworks described above, which interfere with the symmetry of the Keggin unit. For comparison,
there is no shift in the IM-HPW/SBA-15 composites, as is the case for the mixture of HPW and
SBA-15, indicating a physical absorption of HPW on the surface of SBA-15. In addition, no bands
for W-—Op—W were found in the DI-HPW/SBA-15 composites (Fig. 6b), which is consistent with
previous works [17, 22]. This can be due to the masking effect of other high-intensity bands,

although the collapse of the Keggin structure cannot be completely excluded [17].
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Fig. 6 FT-IR spectra of (a) different samples and (b) DI-HPW/SBA-15 composites with

different HPW loading amounts.
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Fig. 7. FT-IR of IM-HPW/SBA-15 composites

The structure of DI-HPW/SBA-15 was investigated using *'P MAS-NMR spectroscopy. As
shown in Fig. 8, three peaks due to different structural states of HPW were observed. The peaks at
-15.0 ppm and -14.1 ppm are assigned to PW12040> anions interacting with the support. The strong
peaks at -15.0 ppm and -14.1 ppm indicate that Keggin structures are maintained in DI-HPW/SBA-
15. The peak at —12.5 ppm can be assigned to the lacunary polyanion (PW 103’ ) and the
fragmented forms of the heteropoly anion (—12.5 ppm) [34, 35]. However, this peak is relatively
lower in intensity than the main peaks, indicating the occurrence of partial decomposition of Keggin

anions to lacunary anions.
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Fig. 8 >'P MAS-NMR spectra of DI-HPW/SBA-15

UV-VIS diffuse reflectance spectroscopy was used to investigate the light absorption properties
of SBA-15 and HPW/SBA-15 composites. SBA-15 absorbs very little light in the UV and visible
regions. When HPW is immobilized on SBA-15, the absorption of DI-HPW/SBA-15 in the UV
region gradually increases with increased loading of HPW (Fig. 9a). The same trend was observed
for IM-HPW/SBA-15, but the absorption bands for IM-HPW/SBA-15 are different from those for
DI-HPW/SBA-15 in the wavelength region from 350 nm to 450 nm (Fig. 9b and c). This difference

may be due to the partial decomposition of HPW in DI-HPW/SBA-15, as mentioned above.
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Fig. 9. UV-VIS diffuse reflectance spectra of SBA-15, HPW, and HPW/SBA-15 composites

Photocatalytic assessments of HPW in the HPW/SBA-15 composites
Photocatalytic benzene oxidation over the as-prepared HPW/SBA-15 composites was
conducted under an air atmosphere and low temperature (10 °C) in an aqueous solution with a small
amount of acetonitrile as a cosolvent. We first investigated the dependence of benzene oxidation
and phenol formation on different pure HPW as homogenous photocatalysts, as shown in Fig. 10.
No benzene conversion was observed in the dark under our reaction conditions. The benzene
conversion and phenol yield increased with the increase of HPW in a low mass amount. However,
a saturation of phenol formation was observed when HPW mass was higher than 16 mg. The phenol
selectivity only showed slight decrease in a high HPW mass amount. In the DI-HPW4/SBA-15 (Fig.
11), the benzene conversion was 26.3% with a phenol yield at 16.3%. A similar benzene conversion
(26.4%) and phenol yield (16.7%) was obtained using the IM-HPW4/SBA-15. Furthermore, the

unsupported HPW in high mass amount also showed a similar benzene conversion and selectivity

98



with both DI-HPW4/SBA-15 and IM-HPW4/SBA-15. Furthermore, DI-HPW4/SBA-15 shows a
higher benzene conversion than TiO, (P25), WO3 and C3N4 (Table 2). Thus, DI-HPW4/SBA-15 can

efficiently oxidize benzene by light irradiation in an aqueous solution.
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Fig. 10. Time dependence of benzene conversion over unsupported HPW. Reaction condition: light
source, 300 W xenon lamp; temperature, 10 °C; initial benzene concentration, 7 mM; reaction time,

120 min; under ambient condition.
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Fig. 11. Phenol formation over DI-HPW4/SBA-15 and IM-HPW4/SBA-15. Reaction condition: light
source, 300 W xenon lamp; temperature, 10 °C; initial benzene concentration, 7 mM; catalyst

amount, 100 mg; reaction time, 120 min; under ambient condition.

Table 2 Comparison of different photocatalysts for benzene oxidation

Photocatalysts Benzene
conversion (%)
TiO, (P25) 25.5
WO; <1.0
C3Nas <1.0
Reaction condition: light source, 300 W xenon lamp; temperature, 10 °C; initial benzene
concentration, 7 mM; photocatalyst amount, 50 mg; reaction time, 120 min; under ambient

condition.

It has been reported that the leaching of HPW from various supported HPW catalysts generally
occurs, resulting in a loss of catalytic activity after successive reaction cycles [36—38]. This decrease
in activity has been explained by a decrease in the amount of supported HPW as a heterogeneous
catalyst. However, the contribution of the leached species to homogeneous photocatalytic reactions

has rarely been mentioned. Unveiling the role of leached species is important to the in-depth study
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of the properties of supported HPW catalysts.

The DI-HPW4/SBA-15 and IM-HPW4/SBA-15 catalysts were recovered by filtration, and their
recyclability was investigated. As shown in Fig. 12a, the phenol yield decreases from 16.3% to 12.7%
in the second run. A further decrease is observed in the third run, but the benzene conversion remains
at 8.1%. As shown in Fig. 12b, the amount of HPW leached from DI-HPW/SBA-15 in the first and
second runs is 160 mg/g and 121 mg/g of catalyst, respectively. On the other hand, IM-HPW4/SBA-
15 in the second run shows a benzene conversion of 0.1%, which is much lower than that in the first
run. Almost all HPW was leached from IM-HPW4/SBA-15 in the first run. These results show that
although DI-HPW4/SBA-15 is significantly more stable than IM-HPW4/SBA-15 in successive
reaction cycles, the leaching of HPW from the HPW4/SBA-15 complex is not negligible. The
HPW4/SBA-15 composites prepared by the direct method show less HPW leaching than those
prepared by the impregnation method, which may be due to the strong HPW-support interaction.
The leaching of HPW was also supported by the increased surface area of DI-HPW/SBA-15 after

reaction, as shown in Fig. 13.
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Fig. 12. (a) Recyclability of DI-HPW4/SBA-15 and IM-HPW4/SBA-15 (b) Leaching amount of

HPW from per gram of HPW/SBA-15 composite in each cycle.
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As described above, DI-HPW4/SBA-15 shows similar activity compared with IM-HPW4/SBA-

15 and HPW. By It seems likely that the HPW leached from the DI-HPW/SBA-15 composites are

the main active species. The lower leached amount of HPW leads the lower activity of DI-

HPW4/SBA-15. The following control experiments were carried out to further check whether the

reaction proceeds mainly in a heterogeneous or homogenous system. After immersion of DI-

HPW4/SBA-15 in reaction solution for 1 h, the solid was filtered, and the filtrate was used for

benzene photooxidation. As shown in Fig. 14, the activity for benzene conversion is almost

comparable with that of DI-HPW4/SBA-15, indicating that the homogenous reaction catalyzed by

the leaching species is dominated in the photocatalytic oxidation of benzene to phenol.
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Fig. 14. Time dependence of benzene conversion over DI-HPW4/SBA-15 (black line), DI-
HPW4/SBA-15 removed after 60 min (red line). Reaction condition: light source, 300 W xenon

lamp; temperature, 10 °C; initial benzene concentration, 7 mM; catalyst amount, 100 mg; under

ambient condition.

Leaching kinetics

A dissolution kinetics study was carried out to further investigate the interaction between HPW
and SBA-15 in DI-HPW4/SBA-15. For this purpose, 0.1 g of the photocatalyst was stirred in 250
mL of a strongly acidic aqueous solution, and the leached amount of HPW (g:, mg/g) was
investigated by UV-VIS spectroscopy (Fig. 15). Here, g: represents the leached amount of HPW
(mg) per gram of HPW/SBA-15 composite after a certain time. As shown in Fig. 14a, the g; value
for IM-HPW4/SBA-15 increases rapidly to 290 mg/g within 130 min and then increases slowly to
320 mg/g at 320 min. On the other hand, the ¢; value from DI-HPW/SBA-15 reaches 67 mg/g within
130 min and then increases continuously to 93 mg/g without a rate change (Fig. 15b). This
observation clearly shows that the elution rate of HPW from DI-HPW/SBA-15 is much slower than

that of IM-HPW/SBA-15.
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The intraparticle diffusion model (proposed by Weber and Morris) is used herein [39—41].
Since this model is widely utilized in the study of adsorption behavior, we employ it to understand
the leaching (desorption) behavior of HPW from the composite. The rate parameter ki for
intraparticle diffusion can be defined by the following equation:

qe = k;t®> +C
where C is a constant related to the thickness of the boundary layer: the larger the value of C, the
greater the boundary layer effect. According to this model, the relationship between #°° and g is
shown in Figs. 15¢ and d. A Morris plot of g; versus - gives a straight line in DI-HPW/SBA-15,
indicating that the leaching process is controlled only by intraparticle diffusion [42]. However, the
data exhibit two steps that influence the leaching process for IM-HPW/SBA-15. The first step
involves boundary layer diffusion or external surface desorption, while the second step involves a
gradual desorption stage attributed to intraparticle diffusion [43]. This different leaching behavior

also supports the strong interaction between the HPW and SBA-15 in DI-HPW/SBA-15.
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Fig. 15. (a, b) UV-VIS spectra and (c) time courses of leached HPW from DI-HPW4/SBA-15 and
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IM-HPW4/SBA-15. (d) Intraparticle diffusion model with HPW4/SBA-15 and IM-HPW4/SBA-15.

Photocatalytic properties of HPW/SBA-15

As described above, partially decomposed species are generated on SBA-15, while the
homogenous reaction over the leached species is dominant in an aqueous solution. The leaching
also leads the directly study of heterogenous reaction more difficult since the accompany of
homogenous reaction in the liquid phase reaction is inevitable. To further study the catalytic
properties of supported HPW as heterogenous photocatalysts, we carried out gas-solid
heterogeneous photooxidation of formic acid with DI-HPW/SBA-15 in the presence or absence of
water vapor (Fig.16). We selected formic acid herein because it is a small molecular substrate that
can be easily oxidized. However, a negligible conversion of formic acid (<0.1) was observed, while
TiO; (P25) was found to exhibit a high conversion for formic acid (92.9%; Table 3). Furthermore,
the DI-HPW/SBA-15 showed a color change from white to blue within 10 min even in a pure O2
atmosphere, which did not return to white after the irradiation was stopped within 30 min. This blue

color is due to the generation of heteropoly blue (the reduced species of HPW, HPW,.q).
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Fig. 16. Experimental setup of photocatalytic oxidation of formic acid in a gas-solid region. The
imaginary line represents an alternative route.

Table 3 Photocatalytic oxidation of formic acid in gas-solid region *

Photocatalysts Atmosphere Water vapor  Conversion of formic acid / %
DI-HPW,/SBA-15 Air No <0.1
DI-HPW»/SBA-15 02 No <0.1
DI-HPW3/SBA-15 02 No <0.1
DI-HPW3/SBA-15 0, Yes <0.1

TiO2(P25) Air No 92.9%
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* Reaction condition: initial concentration of formic acid, 150 ppm; photocatalyst amount,
0.05 g; Reaction time, 60 min.

The photocatalytic oxidation of formic acid in a gas-solid region was carried out by a closed
circulating system (Fig. 16). The DI-HPW/SBA-15 (0.05 g) was uniformly dispersed on a mesh as
support (with a diameter of 5.5 cm). A 100 mL photochemical reactor equipped with an illumination
window on the top was utilized in our system. Before reaction, the reaction system was purged with
simulated air or pure O». Then, formic acid (2 pmL) was injected into this circulated system (500
mL/min) with an injection syringe. The formic acid was vaporized into the gas phase due to the low
concentration. A 500 W mercury lamp was used as the irradiation source after 15min to reach an
adsorption equilibrium. The concentrations of formic acid and CO; were recorded using an FTIR
spectrometer (PerkinElmer, spectrum 100, FT-IR spectrometer, USA) equipped with a gas cell
(optical length = 2.4 m).

The result in Table 3 showed the negligible formic acid conversion (<0.1) after irradiation in
all controlled conditions, while TiO, (P25) shown a significantly higher formic acid conversion
(92.9%) as comparison. On the contrary, the TiO, shown a lower benzene conversion (14.5%) than
that of DI-HPW/SBA-15 in aqueous solution, indicating the high activity of the leached species as
homogenous photocatalysts (Table 3). Hence, HPW shows high activity in the homogenous solution,

but almost no activity in the heterogenous reaction.

(a) HPW*

Substrate (b) HPW* Substrate

(1) Supported species Product @) Leached species Product

hy heterogenous reaction 0 min hy homogenous reaction
¥ HPW, HPW, 4
] 0, : 0,
Reoxidatio 5 Reoxidation
(3) : (3)
HPW i HPW
0, 10 min 0,

Scheme 2 Comparation of photocatalytic reaction over supported HPW as (a) heterogeneous

reaction and (b) leached HPW as a homogenous reaction.

The general photocatalytic reaction over HPW (or supported HPW) involves the following
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steps (Scheme 2): (1) Photoexcitation of the ground-state species (HPW) to the ligand-to-metal
charge-transfer excited-state complex, HPW*; (2) HPW* reacts with the substrate with an electron
transfer process and generates products and HPWq; (3) The HPW o is reoxidized by an oxidant
(O2) to the original state (HPW). The first and second steps proceed with the supported HPW, as
evidenced by the observation of HPW,q4 in the gas-solid reaction. However, HPW ¢4 is maintained
even under a pure O, atmosphere, indicating that the reoxidation of the process (the third step) for
HPW/SBA-15 does not proceed. This incomplete catalytic cycle may be the reason for the low
photocatalytic activity of HPW/SBA-15. Similar situation may occur in the liquid-solid reaction,
leading to the low reactivity of heterogenous reaction. Another possibility is that the homogenous
reaction is kinetic faster than heterogenous reaction, resulting in the homogenous reaction
dominated in the reaction process. The high activity is observed in the homogenous photocatalytic
reaction with leached species since HPW is readily reoxidized with O, (Scheme 2b). The fast
reoxidation process is evidenced by the high activity described above and the fact that no HPW eq

species were observed during the homogenous reaction.

4.4 Conclusion

SBA-15-supported HPW was synthesized by a direct method and an impregnation method and
characterized in detail. The as-prepared DI-HPW/SBA-15 shows high HPW dispersion, while the
pore structure of SBA-15 is maintained after HPW loading. Chemical interaction of HPW with the
silica support was observed by FT-IR, *'P MAS-NMR, and a leaching kinetic experiment, which
promotes the enhanced stability of DI-HPW/SBA-15. However, partial decomposition of HPW to
some lacunary species in DI-HPW/SBA-15 is supported by *'P MAS-NMR and UV-Vis spectral
observations for the leaching solution. DI-HPW/SBA-15 shows higher surface area but significantly
lower activity than IM-HPW/SBA-15 and HPW in photocatalytic benzene oxidation in an aqueous
solution. To gain insight into the reaction process, we found that the homogenous reaction dominates
the photocatalytic processes, while the heterogeneous reaction is prevented and negligible. This
work points out that the photocatalytic reaction process over HPW is preferred under homogenous
reactions rather than heterogeneous reactions, which provides helpful insight into the photocatalytic

reaction processes over supported POMs.
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Chapter 5: Semiconductor-based
photocatalysts for benzene oxidation to
phenol: a comparative study

5.1 Introduction

Photocatalysis has been reported to be a green alternative to benzene oxidation to phenol, since
it can use O as oxidant under ambient temperature and pressure [1]. Light-induced holes will be
generated on the semiconductor-based photocatalysts for benzene oxidation to phenol. In addition,
several high active radicals especially hydroxyl radical will be generated from the holes and
electrons under aerobic condition. However, high activity and non-selectivity of these radicals
generally leading to unselective oxidation to produce phenolic byproducts and CO,. As a result,
very few papers have been published for photocatalytic oxidation of benzene to phenol with Oa,
which generally showed low phenol yield or selectivity. For example, Li et al., synthesized a layered
double hydroxide (Zn,Ti-LDH) for photocatalytic benzene oxidation to phenol (4.6% of phenol
yield and 81.1% of selectivity) [2]. Chen et al., used a Bi,WOs/CdWOy4 as photocatalyst and O, as
oxidant, they achieved 7.3% of phenol yield and 99% of phenol selectivity in the hydroxylation of
benzene to phenol [3].

To achieve high phenol yield, we reported that polyoxometalates (POMs) including
phosphotungstic acid (H3PWi2049) and sodium decatungstate (NasW19032) can be efficient
inorganic homogenous photocatalysts for benzene oxidation to phenol under certain conditions.
However, recovery of these inorganic photocatalysts after reaction is difficult. In addition, supported
H3PW 1,040 has been proved to be shown low activity as heterogenous photocatalysts, while the
leached species as homogenous photocatalysts dominated in the photocatalytic reaction. Hence, it
is important to develop new kinds of heterogenous photocatalysts for efficient benzene oxidation to
phenol. Recently, Tomita et al., reported that platinum-loaded tungstic oxide (Pt/'WOj)
photocatalytically produced phenol from benzene with selectivity in aqueous solution under aerobic
condition [4]. The selectivity (41.7-79.3%) was much higher than titanium oxide (TiO»)
photocatalyst (both the unmodified and Pt-loaded) which generated CO, as a main product (10.9-

36.9% of phenol selectivity).
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In this chapter, we carried out comprehensive research to compare the activity of some typical
semiconductor-based photocatalysts with different band structure (Fig. 1) including TiO,, C3Na,
WOs3, ZnWO4, BiaWOs for efficient selective oxidation of benzene to phenol. The structural and
textural properties of the photocatalysts were characterized. This work is important to explore which

photocatalysts is the most suitable for selective oxidation of benzene to phenol.
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Fig. 1. Band edge alignments of photocatalysts

5.2 Experimental

Materials
Pluronic P123, tetraecthylorthosilicate (TEOS), Na;WO4 2H,0, HoWO4 and citric acid were
purchased from Sigma—Aldrich (Japan). Hydrochloric acid (HCI), Hs3PW 2049 (HPW), benzene, and

other reagents were purchased from Wako (Japan).

Preparation of BixWQOs sheet

BiWOs sheet was synthesized by a hydrothermal method as reported in previous work with
small modification [3]. Typically, 1.24 g of Na,WO4- 2H>0 dissolved in 40 mL water called solution
A. 3.64 g of Bi(NO3)3-5H,0 was added into 30 mL of 0.4 M HNOs aqueous solution, which
sonicated for 30 min before the solution completely transparent called solution B. Then, the solution
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A was added dropwise to the solution B. After sonication for 30 min, the suspension was transferred
into a 100 mL Teflon-lined autoclave and heated at 160 °C for 20 h. After the solution cooled to
room temperature, the solid was collected by centrifugation, washed thoroughly with water and

ethanol, and dried at 60 °C. Subsequently, the sample was calcinated in air at 350 °C for 3 h.

Preparation of ZnW0Oy

ZnWO4 sample was prepared by a hydrothermal method as reported by previous paper [5]. First,
5 mmol of Zn(NOs3),-6H>O was dissolved into 45 mL of deionized water with continuous magnetic
stirring. Then 15 mmol of Na;WO4-2H>O was added into the solution. The mixture was stirred for
another 30 min, then moved into a 100 mL of Teflon-lined stainless reactor and reacted at 200 °C
for 24 h. The collected ZnWO4 was washed with absolute ethanol and deionized water three times

respectively and dried at 60 °C.

Preparation of C3N4
The C3N4 was synthesized by using urea as a precursor calcinated under 500 °C for 4 h with a

rate of 5 °C/min.

Preparation of Pt-loaded photocatalysts

Pt-loaded photocatalysts were prepared by a photoreduction method [4]. Typically,
H,PtCls - 4H,O aqueous solution was injected into the methanol solution with photocatalyst
suspension under anerobic condition. After stirring for 10 min, the suspension was irradiated with
300 W xenon lamp. The

As-prepared sample in the reactor was collected and washed with water and ethanol several times,

and dried at 60 °C for characterization and use.

Catalyst characterization
A diffuse reflectance UV3100 system equipped with a diffuse reflectance accessory (Shimadzu,
Japan) was used to obtain UV-Vis spectra. The X-ray diffraction (XRD) patterns were scanned at

40 kV and 40 mA (the step rate was 2°/min) by using a RINT 2200 diffractometer (RIGAKU, Japan)
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with Cu-Ko radiation (1.54 A).

Photocatalytic performance study

Photocatalytic oxidation of benzene to phenol was conducted in a 100 mL photochemical
reactor equipped with a water jacket to maintain the temperature at 10 °C. The top of the reactor
contained an illumination window fabricated from high-strength quartz glass. In a typical run, a
mixture of 30 mL water containing 2 mM benzene was added to the reactor before being exposed
to air. Then, 75 mg of photocatalyst was added with continuous stirring for 15 min until adsorption
equilibrium was reached. A 300 W xenon lamp was used as the irradiation source for the
photocatalytic reactions. After each irradiation time interval, sample aliquots were withdrawn from
the reactor with a syringe and filtered to be immediately analyzed with high-performance liquid
chromatography (HPLC). The mobile phase was composed of 65% phosphoric solution (0.2%) and
35% acetonitrile with a flow rate of 1 cm?/min.

The benzene conversion, phenol yield, and selectivity were calculated using the following

formulas:

remained benzene concentration

Benzene conversion = (1 — ——— - ) X 100%
initial benzene concentration
) produced phenol concentration
Phenol yield = —— - X 100%
initial benzene concentration
o Phenol yield
Phenol selectivity = X 100%

Benzene conversion

5.3 Results and discussion

XRD pattern

All photocatalysts have been characterized with XRD pattern to confirm their phase structure,
as shown in Fig. 2. The TiO; (P25) showed both peaks of rutile phase and anatase phase of TiO: f6).
The commercial WO3 showed strong peaks at 23.1°, 23.6°, and 24.4°, which are ascribed to the
characteristic (002), (020), and (200) crystal planes of monoclinic WO3 (JCPDS No. 43-1035),
respectively [7]. The peaks at 27.4° in the XRD patterns of C3N4 is due to the stacking of the
conjugated aromatic system [8]. All the diffraction peaks can be indexed to the ZnWO4 with the
standard card (JCPDS card no. 73-0554) [9]. The XRD pattern of BixWOs corresponding to the
Russellite ortho-rhombic phase (JCPDS 39-0256) [10].
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Fig. 2. XRD pattern of different photocatalysts

Photocatalytic benzene oxidation to phenol

We first confirmed that no phenol formed without light irradiation and photocatalysts. Hence,
phenol generated in our reaction system is due to the photocatalytic reaction. As the most studied,
TiO; showed much higher phenol yield (15.1 %) than the other photocatalysts. However, the phenol
selectivity (35%) is low (Table 1, entry 1 and 2). It has been reported that benzene oxidation with
TiO; ascribed to both holes and hydroxyl radical (OH") [11]. Typically, directly oxidation of benzene

to COz can be easily occurred by hole after absorption of benzene on the surface, which dramatically
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decrease the phenol selectivity. This process has been supported by a control experiment, in which
TiO; oxidation benzene under argon atmosphere. In this case, phenol was generated with low yield
(2% at 2h) and almost no phenolic byproducts due to the overoxidation of phenol. In this case, holes
are the main active species even the OH" can also be generated due to the oxidation of water.
However, the phenol selectivity was lower than 30%, likely due to the directly oxidation of benzene
to phenol with hole. In the case of aerobic condition, large amount of OH" can attack benzene to
generate phenol, resulting a high phenol yield and selectivity. However, excess OH" also lead to the
overoxidation of phenol, resulting the generation of large amounts of phenolic byproducts. The low
selectivity (37%) of ZnWO4 as photocatalyst may be ascribed to the similar situation.

C3Ny is a widely studied none-metal photocatalysts for various application, including H»
production, pollutant degradation and selective oxidation. Recently, C3N4 has been reported for
benzene hydroxylation using H>O as oxidant. However, there is no activity for benzene conversion
and phenol formation in our system. A possible reason is that only O>" but no OH" generated during
the reaction. In addition, the value band (VB) of C3N4 is higher than that of benzene oxidation
potential as shown in Fig. 1. Hence, no phenol generated when using C3N4 as photocatalyst for

benzene oxidation (Entry 3).

Table 1 Photocatalytic benzene oxidation to phenol with different photocatalysts *

Entry  Photocat Source Reaction time ~ Phenol yield Selectivity

alysts (h) (%) (%)

1 TiO2 Commercial 2 15 35

2 TiO2® Commercial 2 2 29

3 WO; Commercial 4 1 56

4 WO3P Commercial 4 - -

5 C3Ns4 Polymerization 4 <0.1 -

6 ZnWO4 Hydrothermal 2 5 37

7 Bi2WOs Hydrothermal 4 3 55

# Reaction condition: light source, 300 W xenon lamp; temperature, 10 °C; catalyst amount, 75

mg; benzene concentration, 2 mM; solution, pure water; under ambient condition; ° without
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oxygen.

Recently, WO3 and Bi;WOs as visible light photocatalysts have been widely studied including
for photocatalytic benzene oxidation to phenol. They showed higher phenol selectivity in our
reaction system. According to previous work, the higher phenol selectivity is due to the lower
absorption of benzene on the surface [4]. As a result, a suppressed directly oxidation to CO2 by holes
has been achieved, which is different with that of TiO». In another word, an indirect oxidation route
by OH’ oxidation is dominant in these systems. However, the benzene conversion and phenol yield
were much lower than that of TiO, due do the fast recombination of photo-induced holes and
electrons. A co-catalyst such as Pt is reported efficient for accumulation of electrons for O, reduction,
which as a main route for production of oxygen containing species such as H>O» and OH'. As a
result, Pt-WO3 showed even higher phenol yield (24%) and selectivity (61%) than that of Pt-TiO»

(Table 2).

Table 2 Photocatalytic benzene oxidation to phenol with different Pt loaded photocatalysts

Entry  Photocatalysts  Reaction time (h) Phenol yield (%) Selectivity (%)

1 Pt-TiO2 1 15 35
2 Pt-WOs 1 32 78
3 Pt-C3Ns 4 <0.1 -

4 Pt-Bi2WOs 4 3 41

Reaction condition: light source, 300 W xenon lamp; temperature, 10 °C; catalyst amount, 75 mg;

benzene concentration, 2 mM; solution, pure water; under ambient condition.

5.4 Conclusion

Several typical semiconductor-based photocatalysts have been studied for benzene oxidation to
phenol. The relationship between the band structure, active species and phenol formation was
proposed and discussed in detailed. The VB position of photocatalyst need to lower than benzene
oxidation potential. Hence, C3N4 showed no phenol formation which is contrast with other four
kinds of photocatalysts including TiO>, WO3;, ZnWO4, BizWOs. On the other hand, directly
oxidation of benzene to phenol more likely occurred with holes, resulting lower phenol selectivity

of TiO; and ZnWO4 than WO3; and Bi;WOs. The OH radical can be accumulated by suitable co-
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catalyst such as Pt, enhancing phenol formation over WOs. In the future, other efficient
photocatalyst or nonnoble cocatalyst is desirable for novel photocatalyst for selective benzene

oxidation to phenol.
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Chapter 6: General conclusion and outlook

This thesis focuses on the photocatalytic benzene oxidation to phenol, which is one of the most
important but challenging chemical reaction. The polyoxometalate including H3PW 2049 and
NasW10032 showed high activity for benzene oxidation to phenol under typical reaction condition.
The application of supported H3PW 12049 for heterogenous photocatalytic benzene oxidation to
phenol was also investigated. The photocatalytic benzene oxidation to phenol by semiconductor-
based photocatalysts was discussed as well.

In Chapter 2, the H3PW 1,04 can utilized as a photocatalysts for efficient oxidation of benzene to
phenol in an aqueous acetonitrile solution. Due to the unique catalytic reaction mechanism, the
oxidation process has been significantly adjusted by the reaction conditions, especially by adding
acetonitrile as co-solvent. By adding 50% acetonitrile into the solvent, the phenol overoxidation
significantly suppressed due to the inhibited precompexation between catalysts and phenol
molecular. On the other hand, benzene showed different reaction mechanism which still can be
oxidized in this reaction condition. Hence, benzene can be oxidized but phenol can not be oxidized
in our reaction system, resulting a unnormal but high phenol yield and selectivity.

In Chapter 3, we change the organic cation of decatungstate to inorganic cation (Na+), achieved
high phenol yield and selectivity in an aqueous solution. Acetic acid as co-solvent involved in the
oxidation process, which increased the phenol formation. This behavior is significantly different
with that of TiO,, which showed no activity by adding acetic acid as co-solvent. The totally different
reaction mechanism with TiO leading to the high phenol formation (phenol yield, 24%; phenol
selectivity, 81%) in this reaction system.

In chapter 4, we tried to support H3PW 2049 into mesoporous silica by a direct method and
impregnate method. The textural and structure have been fully characterized and proved that the
higher stability of the sample prepared by the direct method. However, the leaching of active species
into the aqueous solution is inevitable even the direct method can improve the stability of the
supported sample. We found that the leaching species for homogenous photocatalytic reaction is
dominant in the reaction. The heterogenous reaction by the supported H3PW2049 showed low

reaction rate for benzene oxidation in aqueous solution. We also showed the significant low reaction
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in the gas-phase formic acid oxidation, by using TiO; as a reference photocatalysts. The low reaction
rate may be due to the suppressed reoxidation of photocatalysts in the redox cycle.

In chapter 5, we investigated several typical type of semiconductor photocatalysts for
selective oxidation of benzene to phenol. The band structure and active species were considered for
the different reaction mechanism. Low phenol selectivity toward phenol due to the unselective of
the holes and radicals generated from semiconductor-based photocatalysts such as TiO2 and ZnWOs.
Pt loaded WO3 showed much higher phenol yield compared with commercial WO3 because the
promoted OH radical generation. All this founding is crucial to develop novel photocatalysts for
benzene oxidation to phenol in the future.

In a word, oxidation of absorbed benzene molecular on the surface of semiconductor
photocatalysts will directly promote oxidation to CO» by holes. The indirectly oxidation of benzene
with OH radical is more promising for efficient oxidation of benzene to phenol. Hence, WO3 and
some other suitable photocatalysts is highly desired to be developed and modified for efficient

benzene oxidation to phenol in the future.
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