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Abstract

This review article is devoted to the discoveries and/or knowledge developed in the past 10 years in the area of catalytic liquid-phase
oxidation with hydrogen peroxide on mesoporous molecular sieves of MCM-41 type modified with various transition metals. The following
parameters influencing activity and selectivity of the catalysts are considered: (i) nature of matrix for metal species limiting diffusion effects;
(i) isolation of metals; (iii) hydrophobicity of catalysts; (iv) nature of solvent; (v) reducibility of metal species; (vi) leaching of metal from
the solid. Advantages and disadvantages of MCM-41 materials are pointed out in relation to the properties of TS-1 and TS-2 zeolites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the mass ratio of waste to desired prodigit The highest
E-factors are characteristic of fine chemicals and pharma-
Catalysis is a fundamental tool in both waste removal ceuticals production. Fine chemicals are generally complex,
and pollution prevention. In environmental protection two multifunctional molecules with high boiling points and
general strategies are developed. The first one covers thdimited thermal stability. This often requires carrying out
“clean-up” or “end of pipe” technologies which deal with the reactions in the liquid phase and at moderate temper-
the treatment of polluted air and water. “End of pipe” has atures. Recently, catalytic processes have been replaced
been considered a synonym for environmental protection for many classical routes for chemical synthesis. A wide range
the past 25 years and it includes, among others, removal ofof these reactions covers oxidation proceggés Among
nitrogen oxides, ammonia, and volatile organic compounds them the liquid-phase oxidation with hydrogen peroxide
(VOC). The second strategy can be solved by the application(clean oxidant) plays a very important role.
of catalysts in the production processes (environmentally Liquid-phase oxidation is performed in two ways, in
clean processes), called “green chemistry”. Green chemistryhomogeneous and heterogeneous systems. In heteroge-
is the design of chemical products and processes, whichneous system with clean oxidants such gfO}lit is an
reduce or eliminate the use and generation of hazardousenvironmentally friendly alternative to traditional oxidation
substancefl]. The function of catalysts in the future willbe  employing inorganic oxidants in stoichiometric amounts in
no more to eliminate and destroy harmful substances in anindustrial organic syntheses. At present, there is a tendency
expensive way at the end of the processes but rather to avoido the replacement of homogeneous processes (in which
the formation of such substances already in the proc§&kes recovery and recycling cause problems) by heterogeneous
The useful measures of the potential environmental im- ones. In the latter, regeneration of the catalysts is easy
pact of chemical processes are the E-factors, defined adut several other disadvantages appear. These disadvan-
tages and also other features of heterogeneous mesoporous
“Tel.: +48-61-829-1243: fax:+48-61-865-8008. meta}llosilicate MCM-41 type catalysts will be considered
E-mail address: ziolek@amu.edu.pl (M. Ziolek). in this paper.
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It is worthy of notice that another possibility is the ap- figurations such as Mo(VI), W(VI), Ti(IV), Nb(V). Cataly-
plication of supported liquid-phase catalysts, i.e. homoge- sis is due to the Lewis acid character of the metal ion, and
neous catalysts working in a thin liquid film supported over metal oxidation state does not change during the catalytic
a solid material which can be inert or participate to the re- cycle. Strong (one-electron) oxidants, e.g. later and/or first
action mechanism. It is discussed in the overview paper by row transition elements such as Cr(VI), Mn(lll), Co(lll),
Centi and Misond5]. and Fe(lll) favour oxometal pathways and/or homolytic de-
composition of hydrogen peroxide. Vanadium(V) is both a
strong Lewis acid and a relatively strong (one-electron) ox-

2. Catalysts and processes idant and hence, exhibits all three types of activity. Similar
behaviour seems to present niobium(V).

MCM-41 mesoporous materials with hexagonal arrange-  The structure of the matrix and the surrounding of metal
ment of pores modified via incorporation of various transi- influence to some extent the type of pathway. Therefore,
tion metals (e.g. Ti, V, Nb, Cu, Fe, Cr) will be discussed as for various catalysts different pathways for the same pro-
potential catalysts for liquid-phase oxidation. cesses can occur. Typical examples of reactions involving

Three groups of oxidation processes, in whickd is peroxometal pathways are olefins epoxidation, sulphoxida-
used as oxidant, will be taken into account: (i) hydroxylation tion, and oxidation of nitrogen compoun{is3]. However,
of aromatics (e.g[6—13)); (ii) epoxidation of olefins (e.g. = Nb/MCM-41 materials catalyse cyclohexene epoxidation via
[8-10], [12-27); (i) sulphoxidation of organic sulphides radical mechanisrf22] not via peroxometal species.
(e.0.[9,12,17,23,28-35]

3.1. Choice of matrix for metal—effect of diffusion

3. Discussion TS-1—MFI zeolite containing titaniurf6]—remains the
most widely studied material since, owing to the hydropho-
Three oxidation mechanisms are proposed for the bic nature of its active sites, it can be used effectively with
liquid-phase oxidatioril3]. They are illustrated ifFig. 1 aqueous HO». However, its application is limited to trans-
Homolytic pathway proceeds via free radical mechanism formations of molecules small enough to enter the relatively
where in the first step metal active species participates insmall pores (3 nmx 0.55nm) in MFI zeolites. For ex-
homolytic cleavage of O—-O bond in hydrogen peroxide ample, cyclohexene is not epoxided by this system. The
forming *OH radicals, which are intermediates in homo or transformation of molecules with kinetic diameters higher
heterolytic oxygen transfer process. Heterolytic pathways than 0.6 nm, especially important for the preparation of fine
proceed via oxometal or peroxometal species as an activechemicals, requires redox molecular sieves with higher pore
oxidant. In many cases homolytic and heterolytic pathways diameters. Even Ti-beta containing larger pores (but still in
can afford the same products. microporous range) is not sufficient to eliminate the diffu-
Heterolytic peroxometal pathways are favoured when the sion effects.
metal in its highest oxidation state is both a Lewis acid and Since the discovery of mesoporous silicates in 1992

a weak oxidant, e.g. early transition metal ions wiftcdn- [36], designated as MCM-41, many works have been de-
voted to the synthesis of metallosilicates (T/MCM-41)
HOMOLYTIC containing various transition metals and their application in
Radical pathway liquid-phase oxidations.
ROH + M™ — »RO" + M"OH Mesoporous molecular sieves of M41__S family (MC_M-41,
ROH + M" RO, +M™ +H"* MCM-48) have been modified by transition metals via post
2 e 2 . . . . . .
2 RO, L 2RO +0, synthesised grafting or tethering, or via inclusion of metal
RO' +RH — » R +ROH during the synthesis (isomorphous substitution). The nature
R +0, — » RO, of metal active species depends on metal location (extra
RO;" +RH — R’ + ROH framework or framework positions). Location of metal and
sizes of metal clusters determine the diffusion effect.
HETEROLYTIC Diffusion limitations and steric constraints due to re-

actants or transition-state intermediates are the important
factors influencing the oxidation activity in the liquid phase.
Phenyl sulphide was found to be unreactive toward®H
oxidation in the case of titanium silicalites with zeolite
structureg28]. Non-reactivity is mainly due to its large size,
which causes diffusion restrictions inside the pore channels
of TS-1 or Ti-beta. Adam et a[17] studied sulphoxida-
tion (with HyOy) of thianthrene 5-oxide (SSO) on TS-1,
Fig. 1. Mechanisms for the liquid-phase oxidatidr8]. Ti-beta, and Ti-containing MCM-41. TS-1 was inactive due

Peroxometal pathway

MX + RO,H X, M-0-0-R -*» MOR + SO
¢ any change in oxidation state of the metal

Oxometal pathway
MX + ROH R ,x.M=0 S »MX + SO
¢ involves electron redox reaction of the metal ion
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to diffusion limitation and/or shape selectivity effect caused Table 1
by the transition state size. The authors stated that even ifOxidation of thianthrene 5-oxide (SSO) to the sulfoxides at 293K by
SSO were to enter the TS-1 zeolite, it would occupy the Manum cawlystg17]

available space and it should be unlikely for transition-state Catalyst Oxidant Conversion Selectivity to
for oxygen transfer to be formed. The diffusion limitation (%) sulphoxides (%)
(3-S0S0}

generally does not occur when mesoporous metallosili-

cates of MCM-41 type are applied. However, it depends I:;&%iﬂf':'lfree) 335?,;?'_%82 2‘71 gj
to some extent on the procedure of the preparation. It hastycm.41 iy 35% Hzoz 43 83
been shown if22] that the presence of extra framework Ti-beta (Al free)  80% tBUOOH 3 81
metal (niobium) species in the impregnated Nb/MCM-41 TiiMCM-41 80% tBUOOH 22 81
strongly inhibits the activity in cyclohexene oxidation, es- T/MCM-41 (si) ~ 80% tBuOOH 51 80

pecially in the initial stage of the reaction. This behaviour iS *sum ofcis- andtrans-5,10-dioxides.

only partially caused by the diffusion limitation, as will be

pointed out below (discussion of the role of metal isolation).

T/MCM-41 prepared via inclusion of metal to the skeleton

of mesoporous MCM-41 does not limit the diffusion of ity of the material via silylation of the catalyst surface, and

reagents. the second is based on the removal of water from the re-
action media. The second strategy requires the application
3.2. Isolation of metal species of tert-butylhydroperoxide (TBHP) instead of hydrogen per-

oxide as oxidant. The authors stated that in order to obtain

Isolation of metal species is another important factor, a highly active and selective catalyst for epoxidation it is
which should be considered in the discussed processesnecessary to silylate TiIMCM-41 above 40% or preferably
For instance, in niobium containing catalysts, Nb dimers or close to 100%. Silylation of Ti/MCM-41 as well as applica-
oligomers cause too fast a decomposition of hydrogen per-tion of TBHP as oxidant in the sulphoxidation of thianthrene
oxide. They can also lead to the decomposition of alcohol 5-oxide (SSO) significantly increases both the activity and
[37], which often is applied as the reaction medium. Inter- sulphoxide selectivity—Fable 1 [17] This indicates the im-
action with alcohol causes the blockage of active species.portance of the catalyst hydrophobicity also in the sulphox-
The isolation of Nb species is easily reached in mesoporousidation processes.
than microporous materials and easily obtained when iso- Instead of silylation of Ti/MCM-41 samples one can
morphous substitution is applied during the synthesis than look for mesoporous materials containing other active metal
the post synthesis maodification via impregnation or ion species involving a different reaction pathway. Nb/MCM-41

exchange are used. seems to be very useful catalyst for both processes, epoxida-
tion of olefins[22] and sulphoxidation of sulphid¢30-32]
3.3. Hydrophobicity of the catalysts Very high selectivity to epoxide (99%) and 58% conversion

of cyclohexene was reached on Nb/MCM-41 when acetoni-

The importance of hydrophobicity of heterogeneous cat- trile was used as solvent and hydrogen peroxide as oxidant
alysts for selective epoxidation has been emphasised by[22]. It is worth of nhote that the catalyst was dehydroxylated
Sheldon and Dakk#l18]. Hydrophobicity of the catalyst prior to the inclusion to solvent and reactant. Dehydroxy-
surface favours the adsorption of the non-polar reactantslation causes the formation of Lewis acid centres (skeletal
in competition with the polar products, and then increases Nb*) and NbO™ species[30,38] One should emphasise
both activity and selectivity. TS-1 exhibits the highest hy- that radical mechanism for the epoxidation process has
drophobicity among titanium catalysts, but it is not active been presupposed on the basis of the blockage of radical
in the epoxidation of cyclohexeng9] due to the diffu- species with NO adsorptiof22]. Cyclohexene conversion
sion effect. Ti-beta containing aluminium is less hydropho- drastically decreases in the atmosphere of NO, which is
bic (more hydrophilic). TIMCM-41 (without aluminium) is  chemisorbed on NbO species.
more hydrophilic than Ti-beta. The epoxide competes more Recently, Baiker and coworkef&7] indicated that the
favourably for adsorption on the hydroxylated surfaces of preparation of Ti-containing catalysts via flame synthesis in-
Ti-silicates. In this respect, the presence of silanol groups creases significantly the hydrophobicity of the final material
as well as=Ti—-OH groups allows adsorption of the epox- making it more effective in the epoxidation process.
ide and results in the ring opening of the epoxide and the Hydrophobic/hydrophilic properties of Nb/MCM-41 are
formation of diols. The diols tend to adsorb strongly on not sufficient for the application of this material in the reac-
the Ti sites and lead to partial deactivation of the catalyst tions carried out in water medium, like the hydroxylation of
[16]. phenol. In the sulphoxidation of sulphides on Nb/MCM-41

Corma et al.[16] proposed two strategies to improve the peroxometal pathway is involved, in which Lewis acid
the catalytic activity of Ti/MCM-41 in the epoxidation of centres (NB) and weak oxidative one (NbQ play an im-
olefins. The first involves the increase of the hydrophobic- portant role.
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R H,0, + Cu**- MCM-41 — HO, + H" + Cu*- MCM-41
| H ]
sio-Ti-osi +H20,ROH g;g }TI/O\H H,0; + Cu'- MCM-41 — HO' + OH" + Cu®- MCM-41
1
osi *H.0,ROH  sio \\0’0_H Phenol + HO" — Catechol

—Si0O—O0OH X . . .

Ve Phenol + HO® —~Hydroquinone (+ HO") Benzoquinone + H,0

Fig. 2. Formation of solvated titanium peroxo spedi2§]. Fig. 3. Radical mechanism of hydroxylation of phenol on Cu/MCM-41

[11].
3.5. Reducibility of metal species

In the peroxo metal pathway the metal species does not
3.4. Role of solvent change its oxidation state. Therefore, its reducibility does
not play an important role. It is significant parameter in

Usually protic solvents take part in the elementary steps the oxometal pathways and in the radical mechanisms.
of the liquid-phase oxidation. Clerici and Ingallif26] re- Norena-Franco et a[11] used Cu/MCM-41 catalysts for
ported that the formation of solvated titanium peroxo species selective oxidation of phenol in aqueous and acetonitrile
(Fig. 2 explains the behaviour of titanosilicate oxidation cat- media. They have proposed the radical mechankig @)
alysts. They documented that activity for 1-pentene epoxida- in which in the first stage Cu/MCM-41 interacts with hydro-
tion over TS-1 decreases with solvent in the ordegOH > gen peroxide and yields HGand HGQ:* species via a redox
CoHs0H > +-BuOH and have postulated that such a strong mechanism. Hydroquinone and catechol are subsequently
solvent effect can only be explained by the direct involve- obtained in parallel processes, involving the attack offHO
ment of the solvent in an elementary reaction step. They radicals to the aromatic ring. Benzoquinone can be formed
suggested that in the presence of ROOH and a coordinat-by the consecutive oxidation of hydroquinone. The authors
ing solvent the reaction occurs with the formation of an ac- have found the dependence of the selectivity on the nature
tive titanium hydroperoxo complex coordinated within a five of copper salt used for the encapsulation. The materials
membered ring to the solvent. The participation of solvent prepared from copper acetate give rise to the formation of
was also postulated in the mechanism of the sulphoxidationpara product—hydroquinone, whereas, those obtained from
of organic sulphide$29]. The first step is a solvation of  Cu(ll) nitrate are selective to ortho substituted catechol. It
Ti-containing zeolites and the formed complex reacts further is possible that this feature is caused by the diffusion effect
with RSR via a coordination between oxygen and sulphur. more pronounced for bulky acetate salt.

Although many authors agree that titanium peroxo species  One of the important features affecting the reducibility of
formed with the participation of solvent is the active species metal located in the skeleton is T-O-Si angle. V-O-Si bond
in the epoxidation processes, no titanium hydroperoxo com- angle in V/IMCM-41 mesoporous molecular sieves has been
pounds have been prepared so far. Therefore, no direct evconsidered in relation to the redox activity of the samples
idence for its presence has been recorded. It is noteworthyin the liquid-phase oxidation of cyclohexep]. The bond
that TS-1 is active for alkene epoxidation in the absence of strength is closely related to the electron density of the active
solvent (although with reduced activity) and titanium per- metal sites. The latter is “tuned” by the pore size through
0x0 species is therefore not necessary for this mode of thevariation of V-O-Si bond angles. The higher T-O-Si bonds
reaction. angle is, the higher pore size in MCM-41 materials can be

The nature of solvent can also influence the selectivity registered. The electron density depending on the T-O-Si
of the reaction by the modification of the catalyst surface. angle affects the effective redox potential on metal sites.
Epoxidation of cyclohexene on Nb/MCM-41 in various sol- The maximum activity was achieved for the metal for which
vents shows the following orders: conversion—MeGH reactants presumably had an intermediate strength of ad-
acetone> acetonitrile > -BuOH; epoxide selectivity—  sorption. Therefore, the authoj4l] observed the volcano
acetonitrile > acetones>> MeOH =~ ¢-BuOH; diol curve for the dependence of the activity on the pore size
selectivity—MeOH > r-BuUOH > acetone. It is clear that of V/MCM-41 mesoporous sieves. T-O-Si angle is easily
protic solvents increases acidity of the catalyst surface andregulated in MCM-41 materials via changing of mesopore
by the same token epoxide ring opening becomes easiersizes than in zeolites.
increasing diol selectivity.

Arends et al.[39] considered that the molecular sieve 3.6. Leaching of metal species
acts as the second solvent, extracting the substrate molecule
from the bulk solvent. The exact behaviour of the molecular  Rapid leaching of metal ions is a general problem as-
sieve is thus dependent on the size and hydrophobicity of sociated with the use of heterogeneous metal catalysts in
the pores. Hydrophilic materials such as Ti/IMCM-41 will liquid-phase oxidation. Small amount of leached metal
selective absorb polar molecules. may have a significant effect on the observed catalytic re-
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Table 2

Leaching of Nb and V to methanol containing various components

Catalyst Components in the solution Weight percentage of metal leached
Nb \Y

Nb/MCM-41-32 Methanol 0.5 -

Nb/MCM-41-32 Methanok-H,0; 28 -

Nb/MCM-41-32 MethanoH methyl-phenyl sulphide 0.3 -

Nb/MCM-41-32 MethanoH methyl-phenyl sulphide+ H,Oz 2.8 -

Nb,V/MCM-41-32 MethanoH methyl-phenyl sulphide+ H,O» 0.1 43

VIMCM-41-32 Methanol+ methyl-phenyl sulphider H2O2 - 71

The process was performed at 323K in the presence of 0.04 g of the cafdBfts

sults, making conclusions drawn from the physico-chemical 4. Summary
characterisation invalid. Leaching is a result of solvoly-
sis of the metal-oxygen bonds, through which the active T/MCM-41 (T = transition metal element) exhibits sev-
species is attached to the support by polar molecules sucheral advantages for their use in liquid-phase oxidation with
as B0, ROH, or RCQH. It is commonly recognised that hydrogen peroxide. There are as follows: (i) no diffusion
the metal-oxygen bonds in the molecular sieves are morelimitation especially if metal is located in the skeleton of
stable than in that formed on the supports as silica or MCM-41; (ii) relatively easy isomorphous substitution of
alumina. However, mostly redox molecular sieves do not metal into the framework; (iii) isolation of metal—easily
present long- and even short-term stability (the exception is reached than in zeolites; (iv) reducibility of metal species,
believed to be TS-139] and Nb/MCM-41[32]). However, important in oxometal and radical pathways, is easily regu-
even TS-1 and Nb/MCM-41 in some conditions are not lated by changing of pore sizes determining T-O-Si angle.
stable. For example, the basic conditions used for ammox- Hydrophilicity of T/MCM-41 materials decreasing activ-
idation of ketones with NE/H2O, catalysed by TS-1 may ity and selectivity in reactions using aqueougQ as oxi-
also lead to leaching of titanium. It was also found that dant, and leaching of metal species from the solid, making
by-products formation caused the loss of Ti from T§Q]. the recovery of the catalyst unable, are more pronounced in
Various factors influence the metal leaching from the cat- MCM-41 materials than in metal containing zeolites. How-
alysts. There are: (i) nature of transition metal; (ii) nature ever, they can be avoided by several ways. One can apply
of solvent; (iii) nature of oxidant; (iv) temperature; (v) the TBHP instead of HO, as oxidant or use a different metal
structure of matrix. They are widely discussed4] and species than Ti, which changes the reaction route making the
are related to the mesoporous molecular sieves of MCM-41 hydrophilicity of the catalyst unimportant. On the other hand
type containing various transition metals (Ti, V, Cr, Mn, silylation process can be applied increasing the hydropho-
Fe, Co) applied as catalysts for oxidation of cyclohexane. bicity of T/MCM-41. Leaching of metal to the solution can
Leaching was estimated on the basis of Si/M changes. Thebe avoided or minimised by a choice of a proper metal,
highest leaching was observed on Cr/MCM-41 when cyclo- proper reaction medium (e.g. aprotic solvent), or appropriate
hexane was used as reactant and solvent, and TBHP as asequence in the admission of components to the reactor (e.qg.
oxidant. blockage of metal species by chemisorption of reagent).
Among metallosilicate T/MCM-41 materials the low-
est leaching of metal has been reported in the case of
Nb/MCM-41 applied in sulphoxidation of organic sulphides References
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