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Abstract: In recent years, carbon nanotubes (CNTs), including N-doped ones (N-CNTs), have received
significant attention as supports for the construction of heterogeneous catalysts. In this work, we
summarize our progress in the application of (N)-CNTs for immobilization of anionic metal-oxygen
clusters or polyoxometalates (POMs) and use of (N)-CNTs-supported POM as catalysts for liquid-
phase selective oxidation of organic compounds with the green oxidant-aqueous hydrogen peroxide.
We discuss here the main factors, which favor adsorption of POMs on (N)-CNTs and ensure a quasi-
molecular dispersion of POM on the surface and their strong attachment to the support. The effects
of the POM nature, N-doping of CNTs, acid additives, and other factors on the POM immobilization
process and catalytic activity /selectivity of the (N)-CNTs-immobilized POMs are analyzed. Particular
attention is drawn to the critical issue of the catalyst stability and reusability. The scope and limitations
of the POM/(N)-CNTs catalysts in HyO,-based selective oxidations are discussed.

Keywords: heterogeneous catalysis; hydrogen peroxide; liquid-phase selective oxidation;

polyoxometalates; carbon nanotubes; N-doping; supported catalysts

1. Introduction

The selective oxidation of organic compounds is an indispensable methodology for
the synthesis of many oxygen-containing intermediates and valuable products of mod-
ern organic synthesis [1,2]. While thermally stable compounds, such as ethylene oxide,
formaldehyde, phthalic anhydride and others, are produced industrially by gas-phase
catalytic oxidation, less stable base chemicals (more than half of the selective oxidation
products) are obtained in liquid-phase processes. Moreover, liquid-phase oxidation is the
predominant way for the synthesis of many fine chemicals, which cannot survive under
harsh conditions of gas-phase oxidation. One of the most promising approaches in the
selective oxidation is considered to be the use of heterogeneous catalysts and green oxidiz-
ing agents, such as molecular oxygen and hydrogen peroxide [3-5]. Aqueous hydrogen
peroxide is a relatively cheap industrially manufactured product and atom-efficient reagent,
which yields water and molecular oxygen as the sole byproducts [6,7]. Despite modern
progress in designing principles of heterogeneous selective oxidation catalysts that would
be tolerant to leaching in the liquid phase, the development of such catalysts remains a
difficult task and leaves room for research work.

Polyoxometalates (POM) are early-transition metal anionic metal-oxygen clusters [8-11].
They are usually divided into two main groups, isopolyanions containing only one type of
metal ions, and heteropolyanions that also comprised of heteroatoms, which can include
different metal ions or nonmetals (P, Si, As, etc.). Both groups can be represented by the
general formulas [MxOy]1™ for isopolyanions and [X,MxOy]1™ (n < x) for heteropolyan-
ions, where M is the structural transition metal (also called addendum) and X is heteroatom.
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Addenda metals are usually Mo, W, V, Nb, and Ta in their highest oxidation states; however,
a part of them can be substituted for other transition metals. There is a wide variety of POM
structures, which are usually built from octahedrally coordinated metal atoms and have
high symmetry. POMs are being intensively studied in various fields of catalysis [12-18]
and materials science [19-22]. The increased interest in POMs is promoted by their tunable
acid-base and redox properties, thermal and hydrolytic stability. Many POM-based catalytic
systems that employ hydrogen peroxide as an oxidant have been developed for liquid-
phase selective oxidations [13,17,23-27]. Similar to d-metal complexes with organic ligands,
some POMs are capable of activating hydrogen peroxide via a heterolytic mechanism, that
is, without the formation of radicals. This feature means high selectivity can be achieved
in various oxidation reactions catalyzed by POMs. Moreover, in contrast to conventional
metal complexes, POMs possess an inorganic nature and endow thermodynamic stability
to oxidation.

High efficiency of POMs in homogeneous selective oxidation of organic compounds
with H,O, has stimulated numerous attempts to design heterogeneous catalysts by im-
mobilization of POMs on various supports [28-32]. A major part of reported POM immo-
bilizations for catalytic oxidation relies on electrostatic interaction with supports such as
surface-modified silicas [33—43], metal oxides [44—48], hydrotalcites [49-51], ion-exchange
polymers [52-55], carbon materials [56-58] and metal-organic frameworks [59-61]. Other
approaches, such as immobilization within supramolecular assemblies [62—-66], non-covalent
binding [67-69], embedding in support pores [70-73], and covalent attachment [74-76], are
also employed. However, activity of immobilized POMs is often lower than that of parent
homogeneous POMs [37,44,52,54]. In addition, since H,O; is a fairly polar compound
and has perhydrolyzing ability, a typical problem with heterogeneous POM catalysts is
the leaching of active metals into the reaction mixture [43,46,49,62]. Severe leaching can
lead to a loss of activity after catalyst recycling due to a lowering of the content of active
POM. However, even small leaching in the range of 10-50 ppm can contaminate the organic
product with transition metals, resulting in the need for additional purification steps.

Carbon nanomaterials as catalyst supports attract stable interest for many years due
to their resistance to relatively aggressive media (mild oxidants, acids and bases), high
surface area, electric conductivity and possibility to control surface properties [77]. Ma-
terials based on POMs and carbon nanotubes (CNTs) have drawn significant attention
in electrocatalysis [78-80] and energy storage applications [81-89]. However, oxidation
catalysis was practically not touched upon in the POM/CNTs studies [90-93]. Presently,
methods of POM/CNTs immobilization employ electrostatic attachment [78,79,87,93],
7-7t interaction [89], and covalent binding [83,84]. In rare cases, immobilization was
achieved on pristine CNTs by adsorption during ultrasonication [80,86,94], precipitation [85]
or impregnation [91,92]. The chemical inertness of CNTs often requires preliminary func-
tionalization via oxidation or coating with binders.

It is known that the use of nitrogen-doped carbon nanomaterials gives additional
scenarios to change the dispersion and electronic state of the supported active component.
Impressive results of the use of N-doped carbons were documented for the synthesis of
supported metal catalysts as single atoms, showing increased activity in hydrogenation,
hydrogen production, oxidation, and other chemical transformations [95]. Thus, nitrogen-
doped carbon nanotubes (N-CNTs) can be considered a viable alternative to CNTs due to
their built-in nitrogen functional groups and higher tendency to interact with catalytically
active particles and molecules [96-99].

In recent years, our group carried out studies on the adsorption of various POMs
on (N)-CNTs and investigated catalytic properties of the elaborated POM/(N)-CNTs ma-
terials in liquid-phase selective oxidation processes with aqueous hydrogen peroxide as
an oxidant [100-103]. The results of the catalytic studies on POM/(N)-CNTs have shown
that they are promising heterogeneous catalysts for practical use in the preparation of
valuable intermediates and products of fine organic synthesis. In this work, we analyze
the previously obtained results and demonstrate how activity, selectivity and stability of
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the (N)-CNTs-supported POM catalysts can be tuned for the specific oxidation reaction by
the careful choice of the support (CNTs vs N-CNTs, N content), POM nature and loading,
solvent, as well as the use of additives.

2. Results and Discussion
2.1. Carbon Support Characterization and POM Adsorption
2.1.1. Carbon Nanotubes Synthesis and Characterization

Multi-walled nitrogen-doped (N-CNTs) and nitrogen-free carbon nanotubes (CNTs)
can be synthesized by decomposition of an ethylene-ammonia mixture and ethylene,
respectively, on a metal catalyst, Fe-Ni-Al,O3, at 700 °C [100-104]. Crude carbon nanotubes
are purified by washing with HCl solution until complete leaching of the unencapsulated
catalyst. During the synthesis of N-CNTs nitrogen can either be incorporated into the
graphene structure with the formation of different N-groups, or simply be captured in the
cavities of the nanotubes in the form of N,. The existence of several types of N-groups in
the N-CNTs structure, namely, graphitic (Ng), pyridinic (Npy), pyrrolic (Npy;), and oxide
(Nox) (Figure 1), has been revealed by means of XPS [96,97].

Pyridinic Oxide

Graphitic ~ Pyrrolic

Figure 1. Representation of various nitrogen forms in N-CNTs.

An increase in the concentration of ammonia in the synthesis mixture from 10 to
60 vol. % is accompanied by an increase in the nitrogen content in N-CNTs from 0.8 to
4.8 at. % (Table 1). N-CNTs have a bamboo-like structure and are composed of a series of
closed compartments. Enlarging nitrogen content in the structure of N-CNTs leads to an in-
crease in the number of defects [97] and a decrease in the length of the compartments [103].
The correlation between nitrogen content and defect concentration was demonstrated by
Raman spectroscopy [97]. At the end of each segment, the open edges of the graphene
planes come out to the surface, and thus form regular defects on the surface. The concentra-
tion of functional groups and structural defects are important factors for successful POM
adsorption; these issues will be discussed below.

Table 1. Total nitrogen content in N-CNTs and the content of different N-groups.

NH;3, Niotal, NPyl NPyrr NQI Nox, Ny,

vol. % at. % % % % % %
10 0.8 23 10 40 10 17
25 1.8 16 13 33 11 27
40 3.1 18 10 32 13 27
60 4.8 27 18 25 10 20

Considering the textural characteristics of carbon nanotubes, we can say that N-CNTs
and CNTs are mesoporous materials with a bimodal pore size distribution. Pores with the
size of 3—4 nm are formed due to the curvature of graphene layers, whereas larger pores
emerge due to the entangled weave of (N)-CNTs leading to the formation of multiple voids.
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For (N)-CNTs, the specific surface area and pore volume are normally 150-200 m?/ gand
0.5-0.9 cm3/ g, respectively [100-102].

2.1.2. POM Adsorption Study

In our studies, POMs were used mostly in the form of tetrabutylammonium (TBA) and
tetrahexylammonium (THA) salts due to their high solubility in organic solvents. Usually,
POM adsorption on (N)-CNTs was carried out from a solution of POM in acetonitrile and
monitored by UV-vis. The adsorption rate was found to be high, and the process takes
typically 10-20 min. Successful adsorption on (N)-CNTs was demonstrated for POMs of
various structural type, including Keggin HzPW1,040 (PW12) and TBA4[y-HPV,;W19O4]
(PV,Wj), Lindqvist TBAL[NbW5(L)O13] (NbW5, where L = O, O-O, OCHj3; n = 3 or 2)
and TBA4[(NbW50]8)QO] ((NbW5)20), and Venturello THA3[PO4{WO(02)2}4] (PW4). The
liquid-phase adsorption has been studied in detail for PV,W1q [100,102], NbW5 [103] and
PW, [101] (structures of these representative POMs are shown in Figure 2).

. A 4

§

2- 3- 5-
[NbW5018] [PO4(W05)4] [Y‘PV2W10040]
Figure 2. Structures of Lindqvist NbW5, Venturello PW,4 and Keggin y-PV,W1( polyoxometalates.

The most relevant factors that strongly affect POM adsorption on both N-doped and
N-free CNTs and do not depend on the specific POM structure are the addition of acid
and preliminary drying of the support. Characteristic adsorption isotherms are presented
in Figure 3 using PV,Wj as an example. The addition of acid is crucial, not only for the
total amount of adsorption, but also for achieving the irreversible adsorption of POM. The
specific relationship between the amount of added HCIO4 and POM adsorption values
will be discussed below. Since wetness of (N)-CNTs negatively affects the POM adsorption
process, the supports must be dried in a vacuum before their use.

0.40- End of irreversible adsorption
N-CNTs + HCIO,

CNTs + HCIO,

0.35-

wet CNTs + HCIO,

Start of irreversible adsorption
N-CNTs
CNTs

PV, W, /support, g/g
o
S

00 01 02 03 04 05 06 07 08
[PV, W, ], mM

Figure 3. Adsorption of y-PV, W79 on CNTs and N-CNTs (4.8 at. % N) from CH3CN at 25 °C (HCIO4
additives, one equiv to POM). Adapted with permission from ref. [100] Evtushok et al. Highly
efficient catalysts based on divanadium-substituted polyoxometalate and N-doped carbon nanotubes
for selective oxidation of alkylphenols ACS Catalysis 2018, 8, 1297-1307. Copyright 2018 American
Chemical Society.
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However, acid additives are not necessary if we employ POM in the form of a het-
eropolyacid. Thus, irreversible adsorption on N-CNTs without help of HCIOy4 could be
observed for H3PW1,049 [105]. A sample with 15 wt. % PWy; was obtained under con-
tinuous stirring of H3PW1,049 and N-CNT (1.8 at. % N) in CH3CN for 24 h. The low
adsorption rate might be explained by the low solubility of PW, in CH3CN.

Specific values of the maximum (total) and irreversible POM adsorption from CH3;CN
on (N)-CNTs are summarized in Table 2. No particular regularity could be found in the
amount of adsorbed POM from its charge or size (the size of the POMs studied is within
0.8-1.1 nm range). The values of the irreversible adsorption in the presence of HCIO,4
on N-free nanotubes vary from 47 umol/g for PV,Wjg to 111 umol/g for NbWs5. Similar
values in the range of 50-147 umol/g were achieved for N-CNTs, although, in general,
the irreversible adsorption values were higher for N-CNTs. The amount of HCIO4 added
strongly affects the amount of irreversibly adsorbed POM. Increased quantity of acid
(2 equiv) allows greater values of irreversible adsorption of NbWs and PW4 to be achieved,
while the adsorption of PV,Wj is not affected (Table 2). A further increase in the HCIO4
quantity (up to 3 equiv) does not lead to a further increase in the amount of irreversibly
adsorbed POM, regardless of its structure. Other mineral acids, such as HCl and H>SOy,
can also be used as additives, but with less effectiveness. Successful adsorption requires
larger amounts (5-6 equiv) of these acids.

Table 2. Specific values of irreversible and maximum POM adsorption on CNTs and N-CNTs
(1.8 at. % N) from CH3CN at room temperature.

POM [PV2W10040]57 [HNbW5(02)013]27 [PO4{WO(02)2}4]37
HClO4 Additive, equiv. 0 1 2 0 1 2 0 1 2
Irreversible
Adsorption on CNTs, 0 17 (47) 17 (47) 0(0) 8 (44) 20 (111) 0(0) 0(0) 15 (67)
wt. % (umol/g)
Maximum
Adsorption on CNTs, 6 (17) 31 (86) 31 (86) 10 (50) 24 (133)  25(138) 5(22) 5(22) 22 (98)
wt. % (umol/g)
Irreversible
Adsorption on N-CNTs, 0(0) 20 (55) 25 (69) 0(0) 9 (50) 23 (127) 0(0) 15 (67) 33 (147)
wt. % (umol/g)
Maximum
Adsorption on N-CNTs, 8 (22) 28 (77) 36 (100) 10 (55) 24 (133) 28 (155) 15 (67) 22 (98) 37 (165)

wt. % (umol/g)

Studies by XPS corroborated that the POM adsorption on (N)-CNTs proceeds via
an anion exchange mechanism [102] (Figure 4). The signal of adsorbed ClO;~ anions
can be clearly distinguished in the XPS spectra of CNTs and N-CNTs treated in HCIOy,
thus confirming that HClIOy acid adsorbs on and protonates the carbon surface. On the
other hand, the absence of the ClO,~ signal in the XPS spectrum of PV,W1(/(N)-CNTs
indicates that adsorbed ClO4~ ions are exchanged for POM anions during the process of
POM immobilization. The protonation of single- and multi-walled CNTs was reported
earlier [106-108]. In undoped CNTs, presumably, both O-containing groups (for example,
phenolic OH) and carbon in the tube wall with an increased charge density might be
protonated. Indeed, the predomination of phenolic groups on the surface of CNTs was
recently established by XPS [109]. Note that the protonation of phenols may involve
protonation of both the aromatic ring and the hydroxyl group [110,111]. In turn, the
protonation of N-CNTs was also documented [112] and supported by DFT calculations,
showing that the bonding of proton with pyridinic nitrogen is by ~3.26 eV more preferable
than with graphitic N. Presumably, it is the protonated pyridine-like Npy that can act as
ion-exchange groups.
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Figure 4. The ClI2p XPS spectra of CNTs (1), N-CNTs (2), and PV,W7/N-CNTs (3): initial carbon
materials-black curves, treated by HCIO4 (0.15 M in CH3CN)-red curves). Reprinted from Catalysis
Today, Vol. 354, Evtushok et al., HyO,-based selective oxidations by divanadium-substituted poly-
oxotungstate supported on nitrogen-doped carbon nanomaterials, 196203, Copyright 2020, with

permission from Elsevier.

The irreversible adsorption of POM is seemingly not limited by the number of O-
containing groups in CNTs or N-groups in N-CNTs. According to the XPS data, there
is ca. one at. % O in CNTs, which corresponds to 830 umol/g of O. This is significantly
higher than the number of typical values of POM adsorption on CNTs, even taking into
account the fact that one ion-exchange group is required for each charge unit of POM. By
analogy, for N-CNTs with the nitrogen content of 1.8 at. %, calculation gives 1500 pmol/g of
N-groups. If we consider only Npy and Ng (50% of the total N), then 750 pmol/g N-groups
are obtained. This is also significantly higher than the amount of N required to achieve
typical POM adsorption values on N-CNTs (see Table 2).

2.1.3. POM/(N)-CNTs Catalysts Characterization

The examination of POM/(N)-CNTs solids using methods of high resolution electron
microscopy showed that a nearly quasi-molecular dispersion of PW, and PV,W1; on the
surface can be achieved [100,101,103] (Figure 5). While the nitrogen-doping of carbon
nanotubes significantly improves PV, Wy dispersion, the effect seems to be the opposite
for PW4 [101]. The latter fact might be rationalized if we remember that the Venturello
complex may form coordinative bonds with N-containing ligands [113], which in turn, may
favor the aggregation of PWy on the surface. Interestingly, the penetration of POM species
into the cavities of some segments of CNTs was observed in the case of PW,;/CNTs [101].

Investigation of NbW5/(IN)-CNTs catalysts morphology and dispersion of POM on
the carbon surface by electron microscopy techniques revealed the critical role of defects
in the adsorption of NbWj5 [103] (Figure 6). A slight degree of aggregation was observed
for catalyst 8 wt. % NbW5/CNTs (Figure 6¢,d). The agglomerates are located on extended
defects of CNTs surface and in the cavities between nanotubes. Meanwhile, images of
8 wt. % NbW5/N-CNTs 4.8 at. % N have shown that nitrogen doping ensures quasi-
molecular dispersion of NbWs5 on N-CNTs (Figure 6a,b). The dispersion, apparently, is
strongly related to the homogeneity of defect distribution in the nanotubes, and since
defects are more evenly distributed in N-CNTs, a higher dispersion of POM is observed.
It is very likely that defects also play an important role in the irreversible adsorption of
other POMs. However, since NbW5 has high cohesion (which manifests itself in a tendency
to form aggregates [103]), a high density and uniformity of defects is necessary to realize
its quasi-molecular dispersion on the surface. The maximum value of NbW5 adsorption
without significant aggregation is 44 pmol/g (corresponds to 8 wt. %), which is quite close
to the values of irreversible adsorption acquired for PW, and PV, Wyj.
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Figure 5. HAADF-STEM images of (a) 15 wt. % PW4/N-CNTs 1.8 at. % N, (b) 15 wt. % PW4/CNTs,
(c) 8 wt. % PV,W1o/N-CNTs (4.8 at. % N), and (d) 8 wt. % PV,W1o/CNTs. Adapted with permission
from ref. [100] Evtushok et al. Highly efficient catalysts based on divanadium-substituted polyox-
ometalate and N-doped carbon nanotubes for selective oxidation of alkylphenols ACS Catalysis 2018,
8,1297-1307. Copyright 2018 American Chemical Society.

Figure 6. HAADF-STEM (a—c) and HRTEM (d) images of 8 wt. % NbW5/N-CNTs 4.8 at. % N (a,b)
and 8 wt. % NbW;5/CNTs (c,d). White arrows indicate a single POM species located near defects—
cut-off edges of graphene layers exposed to the surface. Yellow arrows indicate POM agglomerates
located on extended defects of CNTs surface and in the cavities between nanotubes. Reproduced
from Ref. [103] with permission from the Royal Society of Chemistry.
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Considering that defects are localized both in internal and external graphene layers [114],
one can assume that the upper limit for POM adsorption is determined by the concentration
of defects on the accessible (N)-CNTs surface.

Textural characteristics of POM/(N)-CNTs materials differ from the pristine (N)-CNTs
by a slightly smaller surface area and pore volume [100-102]. Typical adsorption isotherms
are shown in Figure 7.

—e— 15 wt. % PW,/CNTs !
4007 —=— 15 wt. % PW,/N-CNTs i
300+
2
Q
o
S 200
g 200
2
o
>
100
04

00 02 04 06 08 10
PIP,

Figure 7. Nitrogen adsorption—desorption isotherms for 15 wt. % PW,/CNTs.

IR spectroscopy is an important method for characterization of the POM state in
POM/(N)-CNTs materials. However, obtaining the IR spectra of POM/(N)-CNTs is a
rather difficult task since the nanotubes themselves strongly absorb in the entire IR range
and the vibrations inherent in POMs stand out weakly against their background. In or-
der to distinguish the vibrations of immobilized POM, it is necessary to consider the
subtraction spectra. Although the resolution in the subtraction spectra is worse, it is
possible to confirm reliably using IR spectroscopy that the structure of POM is retained
after immobilization [100-103]. For PV, W, some shift of the main absorption bands was
observed, which can be associated with the electrostatic interaction of POM and (N)-CNTs.
Interestingly, in the case of NbW5(L), the IR spectra look similar, regardless of which precur-
sor was used to prepare the catalysts. The characteristic band of Nb(O5) at 600 cm ™!, as well
as the splitting of the W-O-M bands, disappears after immobilization (Figure 8), indicating
a reduction in the peroxo group. The key distinguishing feature of the dimeric (NbW5),0,
namely the Nb-O-Nb absorption band, also disappears upon immobilization (Figure 8).
This allowed us to suggest that the stabilization of the monomeric form [NbW5(OH)O15]1%~
on the CNTs surface occurs, while the equilibrium is shifted towards the dimeric polyan-
ion [(NbW5013),0]*~ in the solution. The consequences of this monomer stabilization
phenomenon for catalysis will be discussed in the next subsection.

2.2. Catalytic Activity of POM/(N)-CNTs in H,O;-Based Oxidations

In mild conditions, N-free CNTs are not able to activate H,O, and, as a result, show
no activity in the oxidation of alkylphenols, alkenes, thioethers and most other organic sub-
strates. This confirms the complete encapsulation of the residual metal catalyst employed
during the CNTs synthesis within the carbon nanotubes and the absence of its effect on the
catalytic properties. Nitrogen-doped carbon nanotubes, on the contrary, exhibit significant
activity in the oxidation of organic compounds with H,O, [100,101,103]. For example,
Figure 9a shows how the conversion of cyclooctene increases with increasing N content in
N-CNTs. However, the oxidation process is not selective as N-CNTs possess pronounced
activity in the decomposition of hydrogen peroxide into water and molecular oxygen and
the decomposition rate increases with the increase in the N content [100] (Figure 9b). So
far, the mechanism of H,O, activation on N-CNTs remains unstudied. We cannot exclude
the role of surface defects (see above) in this process. Therefore, it makes sense to use
either N-CNTs with a relatively small amount of nitrogen or undoped CNTs as supports
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for HyO,-based oxidation catalysis. Below, we will try to demonstrate how the choice of
support can tune the catalytic performance of POM/(N)-CNTs.

HNbO,W, Nb(O,)
W-O-M 600
815 N\
(NbW,),0

HNbO,W,/CNTs

HNbO,W,/N-CNTs

(NbW,),0/CNTs

1200 1100 1000 900 800 700 600 500 400
Wavenumber (cm™)

Figure 8. FTIR spectra of TBAR[HNbW5(0,)O15], TBA4[(NDW5015),0], 15 wt. Y%
[HNbW5(0,)018]/CNTs, 15 wt. % [HNbW5(O,)O158]/N-CNTs (0.9 at. % N), and 15 wt. %
[(NbW5015),0]/CNTs (spectrum of (N)-CNTs was subtracted). Reproduced from Ref. [103] with
permission from the Royal Society of Chemistry.

(a) 1001 (b) 71

S 61

= 801

S 5

] <

> 604 £ 44

8 s

k] =

8 24

S 20

o 14
0 0-

0 0.9 1.8 0 1.8 3.4 4.8 9

N content, at. %

Nitrogen content, at. %

Figure 9. Effect of N content in N-CNTs on (a) cyclooctene conversion in the oxidation with H,O,
over N-CNTs ([CyO] = 0.1 M, [H0;] = 0.1 M, 10 mg of N-CNTs, 5 mL CH3CN, 4 h, 50 °C) and
(b) initial rate (Wp) of H,O, decomposition in the absence of organic substrate ([H,O,] = 0.11 M,
10 mg N-CNTs, 5 mL CH3CN, 50 °C).

2.2.1. Alkene Oxidation

High activity of POM/(N)-CNTs catalysts in the selective oxidation of alkenes with
30% aqueous HyO, has been demonstrated for a range of POMs [101-103]. Table 3 summa-
rizes data on the oxidation of cyclooctene (CyO) and cyclohexene (CyH) over (N)-CNTs-
immobilized PV,Wj9, NbW5, and PW,. This pair of olefin substrates was chosen as CyO
epoxide is very stable against acid-catalyzed epoxide ring-opening, while cyclohexene
epoxide is oppositely sensitive. In addition, CyH is susceptible to one-electron allylic
oxidation as it possesses highly reactive H atoms in the allylic position. This feature of
CyH allows one to employ it as a model substrate for evaluation of the contribution of
homolytic and heterolytic pathways to the activation of HyO, [115]. Thus, the oxidation of
CyO facilitates the identification of factors affecting the activity of catalysts, whereas the
oxidation of CyH reveals factors affecting selectivity.
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Table 3. Catalytic performance of POM/(N)-CNTs in H,O,-based oxidation of CyO and CyH in
comparison with homogeneous POM (the data taken from refs. [101-103]).

trans-

POM wt. Conversion Epoxide Cvclohexan TOF Catalvst
Catalyst %/H* Added onversion Selectivity ycouexane  cyo/cyH, atays
. a CyO/CyH, % o Diol 1 Recycling
equiv. CyO/CyH, % Selectivity, % h
TBAj35[H1 5PV W10O04y9] - -/93 -/94 5 -/341 +
PV,W;9/N-CNTs 15/1 -/39 -/51 33 -/147 nd. ¢
PV,W1y/CNTs 15/1 -/82 -/79 19 -/310 -
TBA,[HNbW;5(0,)017] - 20/30 80/5 53 12/- +
NbW5/N-CNTs ¢ 15/2 70/30 97/23 38 59/72 +
NbW5/CNTs 15/2 86/59 98/15 55 96/58 +
NbW;5/CNTs 8/2 94/- 98/- - 139/- +
NbW;5/CNTs 10/0 63/32 99/39 43 42/- +
THA3[PW4O0y4] - 80/90 100/77 16 44/- +
PW,/N-CNTs ? 15/1 37/- 89/- - 136/- +
PW,/CNTs 15/2 93/82 97/2 90 290/410 +/-€
PW,/CNTs 5/0 82/46 98/82 15 41/40 +

2 HCIO4 added during catalyst preparation. ® 1.8 at. % N; ¢ Not determined; 9 0.9 at. % N; ¢ Activ-
ity gradually decreased; Reaction conditions: [Substrate] = 0.1 M, [H,O,] = 0.1 M for CyH or 0.2 M for
CyO. PV,Wyg 1.3 umol, CH3CN 1mL, 30°C. NbW;5 0.8 umol, solvent 1 mL (DMC for NbWs5/(N)-CNTs,
CHj3CN for TBA;[HNbW5(0,)017]), 50 °C. PW4 0.7 umol, solvent 1 mL (DMC for PW,/(N)-CNTs, CH3CN for
THA3[PW40,4]), 50 °C.

If we consider the data on the dependence of the catalytic activity of POM/(N)-CNTs
on the POM content, we can see that no change in the specific activity (turnover frequency
determined from the initial rates, TOF) is observed for the PW,/CNTs catalysts, while the
activity of NbW5/CNTs decreases with an increase in the POM content above 8 wt. %
(Figure 10). Such a drop in the activity of the NbW5/CNTs catalysts can be interpreted by
the aggregation of this POM on the surface, which was also confirmed by the HAADEF-
STEM method [103]. On the other hand, the catalytic data corroborate that PW, is well
dispersed on the surface of CNTs up to, at least, 15 wt. % of POM.

[ ] Conversion, %
Il selectivity, %

I TOF, h’

100

804

60

%

40

Figure 10. CyO epoxidation over PW,/CNTs and NbW5/CNTs with various POM content. Reaction
conditions: [CyO] = 0.1 M, [HyO,] = 0.2 M, catalyst 10-30 mg (0.7 umol PWy or 0.8 umol NbWs),
DMC 1 mlL, 50 °C.

Activity of POM/(N)-CNTs catalysts expressed in TOF values follows the same order
as activity of the corresponding homogeneous POMs and decreases in the series PV,Wyg >
PW, > NbWj5 (Table 3). More importantly, activity of (N)-CNTs-immobilized POM in the
oxidation of alkenes is generally superior or, at least, similar to activity of their soluble salts.
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This is a quite unusual phenomenon as activity of most supported POM-based catalysts is
either similar or lower than that of soluble POM salts [37,44,52,54]. Several reasons that
may account for this phenomenon will be discussed below.

One of possible reasons for the enhanced activity of the POM/CNTs catalysts can
be related to their acidity. With an increase in the amount of HCIO4 added during the
catalyst preparation, activity of POM/CNTs in the alkene oxidation increases markedly
(see Table 3). The same tendency was observed for homogeneous POM. As a working
hypothesis, it can be tentatively explained by a higher electrophilicity of protonated POM
peroxo complexes [116,117]. Indeed, activity of PW,/CNTs prepared without acid is
close to that of homogeneous PW,. The degree of POM protonation may not be the only
explanation for the increased activity of the catalysts. In particular, deprotonation of POM
and redistribution of protons is likely to occur in the presence of aqueous H,O, as water
is a weak base and can compete with POM for protons. On the other hand, protonation
of the surface of nanotubes withdraws the electron density from defects [106] and can
indirectly reduce the electron density on POMs, which might give an effect similar to
direct POM protonation. Another possible activity-enhancing factor is the preferential
adsorption of substrate and oxidant on the support, leading to an increase in the local
concentration of the reagents and thereby increasing the reaction rate. In the case of the
NbW5/CNTs catalysts, an additional factor that may strongly improve catalytic activity is
the stabilization of the monomeric form of this POM on the surface of CNTs [103], that was
discussed in Section 2.1.

Interestingly, POM/N-CNTs, in general, demonstrate intermediate activity between
the POM/CNTs catalysts prepared with and without acid. For example, in the epoxidation
of cyclooctene, 15 wt. % PW,4/N-CNTs shows the value of TOF 136 h~!, which lays
between TOF 290 and 41 h~! for 15 wt. % PW,/CNTs (2 equiv. H*) and 5 wt. % PW,/CNTs
(0 equiv. H*), respectively (Table 3). This might be explained by the fact that protonation of
N-CNTs would give weaker conjugate acids due to the presence of basic N-groups than
protonation of CNTs, which contain only weakly basic O-groups.

It is worth noting an important point in the oxidation of cyclohexene over POM/(N)-
CNTs, namely, the incomplete conversion of the substrate in the presence of the stoichio-
metric amount of H>O;. The unproductive decomposition of H,O, is partially responsible
for that, especially, in the case of N-CNTs. Indeed, our studies showed that an increase
in the N content in N-CNTs leads to a sharp decline in the catalyst efficiency as a result
of the enhancement of the unproductive decomposition of H>O, [100,103]. Meanwhile,
the oxidant utilization efficiency of POM/CNTs catalysts in the oxidation of alkenes is, in
general, high (e.g., >90% for PW4/CNTs). Presumably, POM binding with cyclohexene
oxide and/or trans-cyclohexane-1,2-diol [118] and preferential adsorption of the oxidation
products on the surface is responsible for the catalyst deactivation during the reaction.

Clearly, an increase in the amount of acid in the POM/CNTs catalysts produces a
negative effect on selectivity to CyH epoxide (selectivity to acid-insensitive CyO epoxide
remains high) which transforms to trans-cyclohexane-1,2-diol, a product of acid-catalyzed
epoxide ring-opening. This transformation can be counterbalanced by either increasing
concentration of the H,O, reactant (e.g., by taking 50 or 70% H,O, instead of the 30%
one), or enhancing catalyst hydrophobicity [119,120], or adding Lewis bases [76,121]. More
significantly, the total selectivity toward heterolytic oxidation products, epoxide and diol,
is high and can reach 98% (Table 3).

The POM/(N)-CNTs catalysts can be used for selective epoxidation of a broad spec-
trum of alkenes with H,O,, provided an optimal support/catalyst preparation method is
employed. The effect of N-doping on the epoxide selectivity /yield strongly depends on
the specific alkene substrate. While, for CyO, high epoxide selectivity can be reached over
both POM/N-CNTs and POM/CNTs, N-free CNTs are preferable as supports in case of
CyH (see Table 3). In general, higher yields of epoxides can be attained with POM/CNTs
than with POM /N-CNTs.
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Table 4 presents catalytic oxidation of various alkenes over PW,;/CNTs in dimethyl
carbonate (DMC). Along with CH3CN, this solvent allows the production of epoxides with
high yields, whereas the use of polar protic solvents, e.g., CH3OH, drastically decreases
the catalyst activity and attainable substrate conversion, probably, due to competition with
H,O, for the active sites [101]. On the other hand, DMC showed advantages over CH3;CN
in terms of the catalyst stability toward POM leaching (this matter will be discussed in
Section 2.3).

Table 4. Catalytic oxidation of various alkenes with HyO, over PW,/CNTs catalysts.

Substrate Catalyst HCIO, {\cided, Time, Conversion, %  Selectivity, %
equiv. h
O 15 wt. % PW,/CNTs 2 2 93 97
@ 5 wt. % PW4/CNTs 0.2 4 66 79
><©/ 5 wt. % PW4/CNTs 0 5 50 80
w 15 wt. % PW,/CNTs 2 1 100 65
X
5wt. % PW4/CNTs 0 7 14 95
CH3(CH3)6CH,

] 5 wt. % PW4/CNTs 0 4 85 85

MeOZC(Hzc)GHzc

2 HCIO4 added during catalyst preparation. Reaction conditions: [Substrate] = 0.1 M, [H,O,] = 0.1 M, catalyst
10-30 mg (0.7 pmol PWy), DMC 1 mL, 50 °C.

While high yields of epoxides can be reached with the acid-prepared PW,/CNTs
catalysts for such substrates as CyO or the bulky terpene, caryophyllene, acid-free catalysts
show superior results, in terms of selectivity, for alkenes with epoxides prone to ring-
opening (Table 4). Given that protons promote the catalyst activity, a careful balance
between activity and selectivity should be struck. Tuning the amount of acid in the catalyst
synthesis can be a useful tool in reaching such balance.

A comparison of the catalytic performance of the acid-free 5 wt. % PW4/CNT catalyst
with the results reported in the literature for other heterogeneous phosphotugstate-based
catalysts in the epoxidation of the challenging substrate CyH with 30% H,O, is given
in Table 5.

Among the reported catalysts, 5 wt. % PW,/CNT demonstrates a rather high activity
per W (6 h™1), especially considering that its activity was measured at 50 °C. Epoxide
selectivity (79%) and alkene conversion (66%) are comparable to homogeneous PW, in
similar conditions [61]. It is most likely that these characteristics can be improved by
optimizing the reaction conditions, for example by using more concentrated H,O,. It has
also been shown that 5 wt. % PW,/CNT can be reused for at least four cycles without
decline in activity, selectivity and conversion. The absence of leaching and heterogeneous
nature of the catalysis over 5 wt. % PW4/CNT was confirmed by a hot filtration test
and ICP-OES analysis of the filtrate (a detailed discussion on the catalyst stability and
reusability will be given in Section 2.3).



Catalysts 2022, 12, 472

13 of 24

Table 5. Comparison of the catalytic performance of 5 wt. % PW,/CNT with other reported
heterogeneous catalysts based on phosphotungstates in CyH epoxidation.

Catalyst rcn}(l)II{:ozl?rzl:lv Solvent T°C }tl COO/:W' Selizgc(i(.% TON? TOFPh-1
5% PW,/CNTs [101] 36:36:1 DMC 50 4 66 79 24 6
PW1,/MIL-101 [61] 17:34:1 CH;3CN 50 3 72 76 12 4
PWy/phosp-MCM-41 [76] 80:120:1 CH;CN 50 20 30 60 24 1.2
PW, /D201 resin [55] 22:26.5:1 CH3;CN 50 6 92 98 22 37
PW,4/NH,-AC [58] 200:300:1 CH ;CN 80 24 63 99 126 5
PW,/SPC [51] 50:120:1 CH3;CN 80 4 99 75 49 12

2 TON = (mol of epoxide produced)/mol of W atoms.  Since data on initial rates are not available in the literature,
here we use for comparison the values of TOFayerage = TON/reaction time.

As one can judge from the data provided in Table 5, the highest epoxide selectivity of
98% at 92% CyH conversion was reported for CyH epoxidation over PW, /D201 resin [55].
The reusability of catalysts PW /D201 resin [55], PW4/NH;-groups modified activated
carbon (PW4/NH,-AC) [58] and PW1y /silica-pillared clay (PW1,/SPC) [51] was shown
to be successful. However, important data on the retention of activity [122] between
operation cycles were not provided. Moreover, leaching was found for PW,/NH;-AC
(<5% after four cycles) and a hot filtration test was not conducted to verify the nature
of the observed catalysis. In turn, leaching was declared to be minimal for PW1,/SPC,
but without providing experimental evidence [51]. Tungsten peroxo species immobilized
on a mesostructured silicate MCM-41 through a covalently linked phosphoramide group
revealed the truly heterogeneous nature of the catalysis and minor tungsten leaching
(<2%); however, experiments on the reuse of PW, /phosp-MCM-41 were not reported [76].
Therefore, we may conclude that, based on the combination of all characteristics, including
activity, selectivity, productivity, resistance to leaching, and good recyclability (the latter
will be discussed in more detail in Section 2.3), the catalyst 5% PW, /CNTs can be considered
quite promising for epoxidation reactions.

2.2.2. Alkylphenol Oxidation

As in the case of alkenes, POM-free N-CNTs are able to catalyze the oxidation of
phenols, in particular, 2,3,6-trimethylphenol (TMP). However, the target oxidation product
trimethyl-p-benzoquinone (TMBQ, Vitamin E precursor) cannot be produced. Instead,
the main oxidation product formed over N-CNTs is the corresponding bisphenol [100].
Use of PV,W1o/(IN)-CNTs catalysts change the reaction selectivity drastically [100,102].
The catalyst PV,W;9/CNTs turned out to be as selective as homogeneous PV, W1, [100],
but it was prone to POM leaching already in mild reaction conditions [102]. In contrast,
the PV, W19/N-CNTs materials proved to be highly efficient catalysts for the oxidative
conversion of alkylphenols to the corresponding p-benzoquinones, using 30% aqueous
H,0, (Table 6). The exception was m-substituted alkylphenols, for which low conversions
were found, most likely, due to the high steric hindrance of the active vanadium peroxo
complex [123,124].

Like in the oxidation of alkenes, an increase in the amount of N in N-CNTs strongly
deteriorated the oxidant utilization efficiency [100]. With the optimal catalyst 15 wt. %
PV,W19/N-CNTs (1.8 at. % N), TMBQ could be produced in the yield as high as 99%, with
80% oxidant efficiency. In addition, the catalyst revealed unprecedentedly high activity
(TOF =500 h—') and productivity (STY =450 g L~ h~!) (Figure 11).



Catalysts 2022, 12, 472

14 of 24

Table 6. Oxidation of various alkylphenols with H,O, catalyzed by 15 wt. % PV,W;q/N-CNTs
(1.8 at. % N). Adapted with permission from ref. [100] Evtushok et al. Highly efficient catalysts based
on divanadium-substituted polyoxometalate and N-doped carbon nanotubes for selective oxidation
of alkylphenols ACS Catalysis 2018, 8, 1297-1307. Copyright 2018 American Chemical Society.
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Quinone Yield, %

OH

2

OH

%

OH

t-B t-Bu

oS

OH

¢

OH

2

OH

2%

100

90

94

30

15

10

99

90

90

88

10

99

81

85

26

Reaction conditions: [Substrate] = 0.1 M, [H,O,] = 0.45 M, 15 wt. % PV, W;7/N-CNTs 1.8 at. % N catalyst 40 mg
(1.6 umol PV,W1g), CH3CN 1 mL, 15 min, 60 °C.
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Figure 11. Catalytic characteristics of PV,W;y/N-CNTs in TMP oxidation to TMBQ with H;O5.
(STY: space-time yield). Adapted with permission from ref. [100] Evtushok et al. Highly efficient
catalysts based on divanadium-substituted polyoxometalate and N-doped carbon nanotubes for
selective oxidation of alkylphenols ACS Catalysis 2018, 8, 1297-1307. Copyright 2018 American
Chemical Society.

In Table 7, we give a comparison of the catalytic performance of PV,W1o/N-CNTs

with the homogeneous catalyst, TBA-salt of PV,Wjg, and various solid PV,Wy catalysts
prepared by other methodologies. Supports that provide electrostatic binding of POM,
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such as MIL-101 and NH-5iO,, do not allow high conversions and selectivity charac-
teristics of homogeneous PV,Wy, to be achieved. An explanation for this fact can be
found in the strong effect of the PV, Wy protonation state on its catalytic properties in
H,0,-based oxidations. Thus, for effective oxidation of TMP, it must be, at least, in the
monoprotonated state [y-PW19O35V5(u-O)( u-OH)]*~ [125], while the diprotonated form
[v-PW 19035 V2 (1-OH)(1-OH)]3~ has even higher activity [123,124,126]. Strong electrostatic
binding of PV, W1y with NH»-5i0, or MIL-101 may lead to deprotonation of the polyanion,
resulting in the catalytically inactive form [Y-PW10035V5(1-0),]°~. Other factors, first of
all, those related to adsorption of reagents and/or products may also affect the activity
of supported PV,Wyg. Catalysts prepared by PV,Wjy encapsulation within SiO, pores
by the sol-gel methodology or adsorption on the carbon support Sibunit are able to carry
out TMP oxidation more efficiently in terms of attainable TMP conversion and TMBQ
selectivity. However, PV,W1,@SiO, acts as a homogeneous rather than a heterogeneous
catalyst due to the leaching of a large amount of PV, Wy during the oxidation process. The
Sibunit-supported PV,W1y was stable to POM leaching, but it demonstrated a rapid loss of
catalytic characteristics as a result of strong adsorption of the oxidation products on the
carbon surface. Already in the second run, TMBQ selectivity and TMP conversion were
only 23% and 50%, respectively. Treatments with boiling solvents, CH3CN and CH3O0H,
did not help in restoring the initial catalytic performance. Therefore, we can conclude that
N-CNTs are unique supports for the immobilization of PV,W1j in relation to the production
of alkyl-p-benzoquinones and other oxidation reactions, where the retention of the POM
protonation state is crucial.

Table 7. TMP oxidation with HyO, over various PV, Wjg-based catalysts.

Catalyst TMP Conversion, % TMBQ Selectivity, % TMBQ Yield, %
TBA4[HPV,;W1(Oy0] 100 99 99
PV,W10/N-CNTs 100 99 99
PV,Wq/MIL-101 22 68 15
PV,W1o/NH;-5i0, 68 68 46
PV, Wjq/Sibunit 86 (50) 2 90 (23) 2 77 (11)
PV, W1@SiO, ogb 98 96

Reaction conditions: 0.1 M TMP, 0.35 M H,O;, catalyst 40-60 mg (1.5 mM PV, Wyg), 1 mL CH3CN, 15 min, 60 °C.
@ After first cycle; b PV, Wy, leaching (ca. 15%).

2.2.3. Thioethers Oxidation

Successful oxidation of a range of thioethers with H,O, could be accomplished using
PW,/CNTs catalysts (Table 8). Acetonitrile was found to be the solvent of choice for this
reaction [101]. In the oxidation of methyl phenyl sulfide (MPS) over PW4/CNTs, selectivity
to methyl phenyl sulfoxide (MPSO) was similar to that of homogeneous PWy, but catalyst
activity was lower. In contrast to the epoxidation reactions, catalytic activity decreased with
an increase in the amount of acid in the catalysts. A decrease in activity with the addition
of acid was also observed for the homogeneous catalyst THA-PW,. This might be caused
by protonation of the thioether and, thereby, decreasing its nucleophilicity and, in turn,
reactivity towards electrophilic oxidizing species. On the other hand, catalyst acidity favors
the formation of sulfoxide over sulfone, most likely, due to the increasing electrophilicity of
active peroxo species upon protonation [116]. Therefore, it can be seen again that a balance
between the catalyst activity and selectivity is required.



Catalysts 2022, 12, 472

16 of 24

Table 8. Catalytic oxidation of various thioethers with HyO, over PW,/CNTs catalysts.

HC1O4 Added ?, Time, Thioether conv., Sulfoxide
Substrate Catalyst/umol PW, equiv. h o Selectivity, %
THA3[PW,40,4]/1 0 0.25 93 83
S THA3[PW4O]/1 1 0.5 92 86
©/ 15 wt. % PW4/CNTs/1 2 2.5 93 90
15 wt. % PW,/CNTs/0.3 2 6 93 92
5wt. % PW,/CNTs/0.3 0 3 88 84
S ~N
15 wt. % PW4/CNTs/1 2 2 90 88
H;C
S ~
15 wt. % PW4/CNTs/1 2 2 94 89
Br
@’S@ 15 wt. % PW,;/CNTs/1 2 2 86 81

2 HCIO4 added during catalyst preparation or added in reaction mixture in case of homogeneous PWy. Reaction
conditions: [Substrate] = 0.1 M, [H,O;] = 0.1 M, catalyst 15 mg (0.3-1 umol PW,), CH3CN 1 mL, 27 °C.

2.3. Catalyst Stability and Reusability

The choice of an optimum catalyst for the particular selective oxidation processes
should be conducted taking into account its stability and reusability under the reaction con-
ditions. The important aspect of catalyst stability is the preservation of the POM structure
under turnover conditions. It was shown by IR spectroscopy that the key absorption bands
of POM remain intact in the spectra of (N)-CNTs-supported POM after catalysis (Figure 12).
In addition, both IR and XPS spectra confirmed that (N)-CNTs themselves are not oxidized
under the employed conditions of liquid-phase oxidation [100].

bulk PV,W —— PW, bulk

2 10
(a) — PV, W, /N-CNTs after immobilization (b) _ PWA/CNTS after reaction
—PV,W, 0/N-CNTs after reaction

v(W=0)  v(0-0) V(W-(0,)

N P LT

1600 1400 1200 1000 800 600 1000 900 800 700 600 500
Wavenumber, cm™’ Wavenumber, cm™

Figure 12. FT-IR spectra of (a) bulk PV, Wy, 8 wt. % PV, W19/N-CNTs, and 8 wt. % PV,W1/N-
CNTs after 2,3,6-trimethylphenol oxidation and (b) bulk PW4 and 15 wt. % PW,/CNTs catalyst after
cyclooctene oxidation (the spectra of (N)-CNTs were subtracted).

Studies on POM/(N)-CNTs stability demonstrated that POM leaching into solution
strongly depends on the specific oxidation reaction and its conditions, in particular, the
choice of solvent [100-103]. If CH3CN is used as the reaction medium for alkene epoxida-
tion, the POM/CNTs catalysts prepared without acid undergo complete leaching of POM,
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while PW,/CNTs and PV, W;9/CNTs prepared with acid are subject to slight leaching
(25-35 ppm of W) [101,102].

Hot filtration tests demonstrated the truly heterogeneous nature of the observed
catalysis and, coupled with elemental analysis of the filtrates, proved that PW,/CNTs and
NbW5/CNTs are not susceptible to POM leaching during epoxidation if DMC is employed
as the solvent (Figure 13).
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3 s ;
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2 60 _— Y 260
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Figure 13. Hot catalyst filtration test for CyO oxidation with HyO, over (a) 15 wt. % NbW5/CNTs and
(b) 15 wt. % PW,/CNTs. Reaction conditions: [CyO] = 0.1 M, [H,O,] = 0.2 M, 15 wt. % POM/CNTs
10 mg (0.7 pmol PWy, 0.8 pumol NbW5), DMC 1 mL, 50 °C.

Evaluation of the 15 wt. % PW,/CNTs and 15 wt. % NbW5/CNTs catalysts prepared
with acid under more severe conditions (0.8 M H,O,, CH3CN, 80 °C) showed that the
filtrate remaining after the separation of PW,/CNTs and NbW5/CNTs contained ca. 50%
of the initial amount of POM. On the other hand, the catalysts 15 wt. % PW4/N-CNTs and
15 wt. % NbW5/N-CNTs demonstrated fairly good stability under a similar treatment: only
0.04% and 2% of POM, respectively, were found in the filtrate. Therefore, we may conclude
that POMs are more strongly bound to N-CNTs than to CNTs, and the corresponding
POM/N-CNTs catalysts are less prone to leaching and are able to withstand more severe
reaction conditions. Indeed, under the conditions employed for the alkylphenol oxidation
(0.35 M HyO,, CH3CN, 60 °C), the PVo,W19/N-CNTs catalysts, in contrast to PV,W1o/CNTs,
revealed the truly heterogeneous nature of the catalysis and suffered no leaching [100].
Therefore, the presence of N in CNTs is certainly crucial for the stability of the supported
POM catalysts.

The possibility of recycling the POM/(N)-CNT catalysts in the selective oxidation of
alkenes, thioethers, and alkylphenols has been demonstrated [100-103]. In almost all cases,
the preservation of catalytic characteristics in several consecutive operation cycles was
observed, provided the catalysts were optimally regenerated. Thus, during the recycling
of the 15 wt. % PW4/CNTs catalyst in CyO epoxidation in DMC, a progressive decline in
activity was observed that was related to the loss of the catalyst acidity during the catalysis.
However, the catalyst could be cured by an acid treatment. Indeed, Figure 14a demonstrates
that successful regeneration of 8 wt. % NbW;5/CNTs after the catalytic reaction in DMC
was fulfilled by treatment with an HCIO4 solution. At the same time, the acid-free catalyst
5 wt. % PW4/CNTs could be regenerated by simple filtration and washing with DMC
(Figure 14b).

Under the conditions of alkylphenol oxidation, the catalyst 15 wt. % PV,W17/N-CNTs
(1.8 at. % N) demonstrated excellent stability [100]. The catalyst could be reused, at least
six times, without appreciable losses of activity and selectivity (Figure 15a).

Recycling experiments with 15 wt. % PW4/CNTs in the MPS oxidation also showed the
retention of catalytic characteristics after, at least, three reuses [101] (Figure 15b). However,
it was necessary to wash the catalyst with DMC after separation from the reaction mixture
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to preserve its catalytic characteristics. Washing the catalyst with CH3CN did not fully
restore the activity [101].

I CyO conversion [ ToF Il CyO conversion [ ToF
(@) [ selectivity of CyO epoxide (b) [ Selectivity of CyO epoxide
100+ 100 170
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150
° 60 - 601 la0 -
=
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Figure 14. Reusability of the catalysts (a) 8 wt. % NbW5/CNTs and (b) 5 wt. % PW,/CNTs in CyO
epoxidation. Reaction conditions: [CyO] = 0.1 M, [HyO;] = 0.2 M, 20-30 mg catalyst (0.7 umol PWy,
0.8 pmol NbWs5), DMC 1 mL, 50 °C. The catalyst 8 wt. % NbW5/CNTs was treated with HCIO, in
CH3CN (2 equiv. to POM) after the second and subsequent runs. a) Adapted from ref. [103] with
permission from the Royal Society of Chemistry.
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Figure 15. Recycling of (a) 15 wt. % PV, W1o/N-CNTs (1.8 at. % N) in TMP oxidation ([TMP] =0.1 M,
[HyO,] = 0.45 M, catalyst 40 mg (1.6 umol PV, Wyg), CH3CN 1 mL, 15 min, 60 °C) and (b) 15 wt. %
PW,/CNTs in MPS oxidation ([MPS] = 0.1 M, [H,O;] = 0.1 M, catalyst 15 mg (1 umol PW,), CH3CN
1mL, 27 °C).

3. Conclusions and Outlook

In this short perspective paper, we tried to demonstrate that both N-doped and un-
doped CNTs are prospective supports for the immobilization of POMs, having high catalytic
activity in selective oxidations with aqueous hydrogen peroxide. The main factors that
ensure irreversible adsorption of POMs on N-CNTs and CNTs are the preliminary drying
of the supports and additives of mineral acid (HClO,). The elaborated approach to POM
immobilization compares favorably with simple impregnation by the high stability of the
materials obtained. On the other hand, it is much less laborious than the covalent bonding
of POM to CNTs or the preliminary modification of CNTs with ion-exchange groups.

A simplified representation of the effects of protons and N-doping on POM adsorption
on CNTs and catalytic properties of the immobilized POM is given in Figure 16. However,
the effect of N-doping on the dispersion of POMs on the surface of nanotubes strongly
depends on the POM nature. While the presence of N certainly favors the quasi molecular
dispersion of classic POMs of the Keggin and Lindqvist structures, it may produce the
opposite result in the case of the immobilization of low nuclearity species, such as the
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Venturello complex. A different type of binding between the POM and N species might be
responsible for that.

Strong binding and high POM adsorption  Nitrogen provides increased stability
Enhanced catalyticactivity Optimal for alkylphenol oxidation to p-BQs

Weak binding and low POM adsorption
Optimal for alkene epoxidation

Figure 16. A simplified representation of the effects of protons and N-doping on POM adsorption on
CNTs and catalytic properties of immobilized POM.

Catalytic studies have shown that (N)-CNTs-supported POMs have high activity, selec-
tivity and stability in various selective oxidations with 30% aqueous HyO,. In general, their
catalytic activity is superior or, at least, similar to that of the corresponding homogeneous
POM:s. (N)-CNTs enable the stabilization of most active monomeric forms of POM and may
allow the protonation state of POM upon immobilization to be kept. The proper choice
of POM, support (N-free or N-doped) and immobilization technique (with or without the
addition of acid) depends on the oxidation reaction and, moreover, may depend on the
specific organic substrate. While N-doping and the use of acid during the catalyst prepa-
ration certainly play a positive role in the oxidation of alkylphenols to the corresponding
p-benzoquinones, N-free and acid-less supports often show advantages if we deal with
the epoxidation of alkenes. From the viewpoint of catalyst stability, the presence of N in
the support undoubtedly endows the strong binding of POM and prevents its leaching.
However, if N-free supports are preferable to ensure oxidation selectivity (e.g., in alkene
epoxidation), a proper choice of solvent (e.g., the use of DMC) may help in solving the
problem of POM leaching. An important advantage of (N)-CNTs-supported POMs is their
fairly good recycling performance. In sharp contrast to POMs immobilized on various
active carbons, POM/(N)-CNTs can be easily regenerated after catalytic oxidation and
reused without the loss of catalytic activity.

Further research in this area should be aimed at expanding the range of POMs and
oxidation reactions (e.g., oxidation of alcohols, oxidative cleavage of C=C bonds, oxy-
functionalization of C-H bonds, and others), as well as studying the mechanisms of POM
interaction with the surface of both N-doped CNTs and undoped ones.
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