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Abstract

Silica-titania materials with improved catalyticrfsgmances were elaborated as mesoporous
microparticles by combining sol-gel and spray-dgyiprocesses with the self-assembly
properties ofa-chitin nanorods acting as bio-templates. Threfeht synthesis’ approaches
are discussed, leading to materials with varietutekand chemical characteristics studied by
SEM, N\; volumetry, TEM, XPS and DR-UV techniques. The aobwater or ethanol as initial
solvent for the chitin nanorods’ suspensions, adl we the mixing conditions of the
precursors show to have a significant impact onfiha properties. Materials of specific
surface areas of up to 59¢.gi* and porous volumes of up to 0.84 mt,gvith low surface
Si/Ti ratio could be disclosed. Properties werdhieir investigated by employing the silica-
titania materials as heterogeneous catalysts ®stiffoxidation of bulky model compounds.
The location of Ti active sites at the pore surféees been maximized and allows for

improved productivity.
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1. Introduction

Very recently we have published a novel and grgathgsis route, which implies the use of
chitin-nanorods as templates for the achievementeoy active mesoporous silica-titania
catalysts. This research has been motivated by the factphanising alternatives for the
formation of silica-titania catalysts are highlyntended especially from the petroleum and
pharmaceutical industfy.Indeed, desulfurization with 4, by catalytic oxidationpsing
silica-titania catalysts is a valuable alternatifiee the elimination of sulfur containing
compounds from fuels by conversion of sulfides itb@ corresponding sulfoxides and
sulfones which can easily be extracted due to theieased polarit§i> Furthermore catalytic
sulfoxidation has attracted a great deal of atenfior the production of fine chemicdls.
Several different silica-titania catalysts are knowm the literature. The first ones to be
disclosed were Ti containing zeolites as TS-1, T&# Ti-beta which proved to be very
active catalysts for a variety of oxidation reasowith HO,.”'° Notwithstanding, these
materials showed to have important drawbacks wharehmainly related to the sole presence
of micropores; limiting thus the accessibility @frde molecules to active sitéss a result,
much effort has been devoted to the synthesis aopwous amorphous Ti€SiO, mixed
oxides. Strategies for the synthesis of these rattdrecame available from the early 1980s.
Examples hereof are the direct synthesis of orderesoporous materials (e.g. Ti-MCM-41,
Ti-MCM-48),***® the grafting of Ti species onto mesoporous silfttds and both
hydrolytic'®*° and non-hydrolytit”?* sol-gel synthesis routes. Most of these matepiaised

to be active catalysts for oxidation reactionsasfier molecules, especially with dry organic
hydroperoxides, and not with ,8,. Another drawback of these materials is that their
synthesis often relies on complex techniques (figgowe box, dry solvents, etc.) and in some
cases, expensive template materials such as CTéABmaployed. Other synthesis’ approaches
must then be explored.

Green chemistry is a general trend, mainly motovdig the desire to generate products by
sustainable mearf§?® Within this, alternative synthesis routes for tfermation of
heterogeneous catalysts by so-called green pathesyin the center of the attentitf’
Various research groups have published the achieneof porous materials by bio-inspired
technique®>°using self-assembled polysaccharide nano-crystatembination with sol-gel
processes for the transcription of the texturapprties in the new material%*?

A novel and versatile route for the formation ofqaes silicas has been described by some of
us3"*8This approach combines the self assembly progesfie-chitin nanorod&** with sol-

gel processes involving siloxane oligomers. Thare several advantages of applying this
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strategy to the synthesis of mesoporous matenmatsg which: a) the use of renewable chitin
precursors coming from crustacean (shrimps, crabkfisheries where crustacean shells
amount as waste product in tremendous quantitjethebuse ofa-chitin nanorods acting as
hard templateslY = 23 +3 nm,L = 260 £80 nm) and also possessing complexing gr¢up
OH, -NH,) at their deacetylated surface, c) the high modulaf the final pore textures
relying in the self-assembly properties @fchitin nanorods, d) the use of low temperature
sol-gel processes; e) the flexibility of sol-gebpesses allowing for shaping of the materials
(i.e. microparticles through spray-drying) andifarorporating other elements.

More recently, we have shown that this combinatibahitin self-assembly, sol-gel chemistry
and spray-drying processes allows in obtaining e#igient silica-titania catalystsThe use

of spray-drying offers here other advanta@es) all reactants are incorporated in the final
microparticles, b) the waste solvent is recycletbugh an condensing unit, and c) the
continuous production of materials with desired espidal morphology. An additional
advantage of this technique is the quenching ohstable states by fast solvent evaporation
and solidification, whilst offering opportunities fine-tune the mesoporosity and chemical
composition of the resulting solf§:*®

In this study, we widen the synthetic possibilitiesorder to improve the textural properties
and catalytic performances of the obtained silizaia mixed oxides. In particular, we tried
to modulate the distribution of Ti sites at the g@p@urfaces by playing with the initial

preparation of the sols, in view of a greener psedatensification.

2. Resultsand discussion

Three different strategies were investigated foe #laboration of porous silica-titania
catalysts, with the aim of reaching an improved tadnof colloidal and molecular
interactions, and hence to achieve better definegtfaces and active site distributions. The
first (series A), based on our preliminary commatian! is achieved by mixing an ethanolic
sol of siloxane oligomers (~3 nm in size) with fixamounts of the titanium monomer
precursor diacetylacetonatediisopropoxide titani{i) Ti(O'Pr)(acac). Subsequently, an
aqueous suspension @fchitin nanorods is added. To prevent uncontroleddensation of
the inorganic precursors, water is rapidly remofren the resulting mixture by repeated
evaporation cycles near the water-ethanol azeotompeposition. The resulting ethanolic
suspension is subsequently spray-dried at 393 lrder to obtain fine powders named
SiO,/TiO2-A materials Scheme 1A). In the second strategy (series B), the ethamoixture,
containing Ti(CPr)(acac) and siloxane oligomers, is added dehitin nanorods directly
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suspended in ethanol. Since no water is presetignmixture, this stable suspension is
directly spray-dried to give SIiO,-B materials $cheme 1B). Finally, a third strategy
(series C) was designed to favor interactions betvtbe Ti units and the-chitin nanorods
surface, with the aim of enriching the pore surfaag&h Ti active sites after chitin removal.
To this purpose, Ti(Pr)(acac)was first mixed with the ethanolic chitin suspensiand the
suspension of siloxane oligomers added subsequ@atigme 1C).

The a-chitin polysaccharide nanorods present in the ibylonaterials are removed by
calcination in air at 823 K, resulting in the crieatof porosity. During this process, the
inorganic network also condenses further. The takfparameters of the materials are greatly
influenced by the amount of chitin added duringskethesis (expressed as the chitin volume
fraction,¢cni, USingEq. 1 in the Experimental Section).

2.1 Series A materials

Mor phology

Spheroidal microparticles of narrow size distribatare formed by spray-dryingi@. 1). The
particle size distribution is little affected byriations in the composition - in particular chitin
and Ti contents - and the average diameter is atangtant (average size of 2.5 um). In
contrast, the morphology of the particles changgsortantly. SEM observations show that
particles synthesized with low chitin volume fracis (i.e.g@n = 0.15) have very smooth
surfaces Ffig. 1A). Surface roughness increases with increasingnchaiume fraction Fig.

1B and C), in agreement with former results on chitin-silizano-composite¥. Moreover,
for materials prepared with a high chitin contefd( = 0.65), the spherical shape is lost and

particles with a more complex morphology are formatth high surface roughness.

Texture

The evolution of nitrogen sorption behavior of oaéel SiQ/TiO,-A materials as a function
of chitin volume fractions is presentedkig. 2. All samples present hysteresis loops related
to the presence of mesopores. The shape of the leag type HZ? similar to those already
obtained for pure mesoporous silica templated bysdme sow-chitin nanorods® The main
textural parameters (mesoporous volume, specifiacel area and pore size) are found to rise
with increasing chitin volume fractio@cy (Table 1). The pore volume fractionpfor) is
deduced from the maximum of sorption in nitrogestherms and is calculated usikg. 2.
From the nitrogen isotherms one can thus be dethaten a range ofpor = 0.10-0.53, the

BET surface areaSer) increases gradually from 70 to 445 nt gvhilst the average pore
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size increases slightly from 5 to 6 nmaple 1). For lowestgpor (= 0.10) tensile strength
effect’ is observed gb/p, = 0.45, which indicates that pores have formeih@snal cavities
and will thus not be accessible for larger molesule this case (as was deduced from
catalytic tests, see below).

Interestingly, the sorption isotherm of the sampith ¢ci = 0.65 shows a profile different
from the other samples. For this sample, in additio the first hysteresis loop with an
inflexion point on the desorption branch locatednpépo = 0.6 {/por = 0.60 mL.g") a second
hysteresis appears at higher partial pressure. CEmnisbe explained by chitin nanorods being
in excess in the mixture with respect to siloxalgomers, which therefore cannot fully cover
the surface of the chitin nanorods. It should beedidhat the criticapcy* value above which
o-chitin nanorods are not fully covered by silices H@een estimated to be in the range 0.2-
0.4%% Hence, some of the chitin nanorods can cling tegretluring synthesis resulting in
larger pores upon chitin removadtig. 4J). Similar features were also observed for porous
silica without titanium, templated witt-chitin nanorods’*

To explore more in details the porosity of materiabtained withjcy = 0.65, a mercury
porosimetry analysis was carried oktd. 3). The interparticular filling is firstly observag

to a volume of 1.3 mL:{ (corresponding to a size of 100 nm - 5 pm). A gtsiep is then
followed which reveals a narrow size distributidmacropores within the particles (2.5 - 0.2
um) corresponding to a macroporous volume of 1.3gth{2.6 - 1.3 = 1.3 mL.g). This step

is then followed by a plateau where the intrusiofumne stays constant. A second, weaker
step corresponds to the mercury intrusion intoniesoporosity within the sample showing a
volume of 0.6 mL g (3.2 - 2.6 = 0.6 mL.Q) thus confirming the results obtained by nitrogen
sorption. In order to assess the mechanical dtabilithe sample the intrusion/extrusion cycle
was repeated at high pressures. The shape of domdsentrusion/extrusion cycle is very
similar to the first one, suggesting that the gt are stable to a pressure as high as 4000
bars. This is not the case for other kind of mesop®silica particles"

Porosity has further been investigated by THND(4). The electron-clear structures reveal
the presence of elongated pores within the oxide/ork, whose proportion increases with
dcri- Pore sizes estimated from TEM images are comsisteh the dimensions of the pores
calculated by the BdB method from the desorptioanbh in nitrogen sorption isotherms.
Larger electron-clear features in the images (&@pnake microtomy artifacts and should thus
be disregarded. We have observed that up to 10 nobdl% added (Si/Ti> 9), complex
textural parameters are not subjected to majoatians and are similar to those obtained for

pure siliceous materials.
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Local structure

Fig. 5 shows a comparison of Ti 2p-photoelectron and W/spectra of calcined SyJiO,-

A material ¢cq = 0.65, Si/Ti = 19) with those of TS-1 and anataBee dominant XPS
features are associated with the Ti2@nd Ti 2p, peaks with a spin-orbital splitting
between them of 5.7 eV characteristic for th&" Malence state. However, Ti can be in
different coordination states in the studied sas\pf®r example, in the anatase crystal, the
titanium atoms are in octahedral oxygen coordimatificn) with Ti 2p 3,2 binding energy at
458.6 eV Fig. 5C). Also, it is known that in the structure of titam silicalite TS-1 catalyst,
the Ti atoms are in a tetrahedral coordinationesfaitry) and for this configuration we have
measured a Ti 2p binding-energy of 460.5 eVF(g. 5B). This large difference in the Ti Zp
binding energies for the two coordination statdewa to reliably determine the local Ti
environment in the synthesized materials. In T$dt twve use as standard for tetrahedral
coordination, spectrum deconvolution suggests #stance of additional 2p-peaks at 458.2
and 463.9 eVKig. 5B), thus indicating the presence of small amount$igf atoms (about
8% of total Ti).

Similarly, the calcined samples exhibit a majoofyTiry Sites, as visible ifrig. 5A where
intense Ti 2p»>- and Ti 2p,- peaks have been measured at 460.5 and 466.28d&atively.

A small amount of octa-coordinated Ti is also deté@ssociated with weaker peaks at 458.3
and 464.0 eV, yielding a molar ratiorf/iTion of about 9.

Results obtained by DR UV-vis spectroscopy confiine results of XPS modeling. The DR
UV-vis spectrum of the Si§TiO»-A sample exhibits a main absorption band centatetlO

nm and a shoulder at 260 nrRid. 5D). The adsorption band at 210 nm is attributed to
tetrahedral sites within the sample, since a stralpgprption band is obtained at the same
wavelength for TS-1Kig. 5E). On the contrary, the anatase sample shows acibastic
absorption band split into two maxima near 245 ahl nm with a well defined absorption
edge at 390 nm. These features, in agreement yptbal anatase spectra are related to the
O,-Ti*" charge transfer, and are not present in the spetour silica-titania materials.
SiO,/TiO,-A calcined samples made with differegdn and/or Si/Ti ratios have also been
studied by XPS. Systematically, the Si/Ti molaiaastimated by XPS is well above the
Si/Ti molar ratio of the bulkTable 2). As XPS is mainly probing the samples surfacthat
nanometer scale, this can be understood as a @méfdrlocation of Ti atoms far from the
microparticles surface, probably close to the pgeserated by the chitin nanorods removal.

Indeed, during the synthesis, the TR€)(acac) precursor can interact with the chitin
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nanorods surface, notably through the pending -®HNéi, groups that can complex “Ti
cations as deducted from chitosan-titania hybridenis® It can thus be interesting to
exploit these possible Ti-chitin interactions irder to achieve SigTiO, catalysts with Ti

active sites preferentially located at the poréasa.

2.2 Alternative syntheses of silica-titania catalysts (seriesB and C)

Chitin nanorods are usually stabilized in agueatidi@ media to prepare stable suspensions
that were shown to exhibit liquid crystal propestié We recently demonstrated that chitin
nanorods can be stably dispersed in ethanol atdiowmoderate concentrations (below 10
wt%).>® Therefore, we explored alternative synthesis ®utéere both precursors are
suspended in ethanol and directly mixed thus amgidime-consuming preparation steps. In
particular, the elimination of water by solvent kange and evaporation steps to avoid
uncontrolled condensation and precipitation is anger necessary. The resulting stable
suspensions can be stored and readily processed dime to elaborate materials, by spray-
drying for instance. The materials obtained witlitichethanolic suspensions are labeled as
SiO)/TiO,-B and -C, depending on the order of precursorstiadd as summarized in
Scheme 1.

Texture

Nitrogen sorption isotherms for all synthesis prhoes (series A, -B and -C) have been
recorded for calcined material&ig. 6, Table 3). Comparing the nitrogen isotherms at
different¢cny values reveals three important conclusions: ajgb#nerms obtained for series
B and C materials are very similar for eqyaly, b) the isotherms of SKIIiO,-B and -C
materials show higher nitrogen sorption volumesthe entirep/p, range compared to
SiO,/TiO,-A materials at equalcy and c) the profile of the nitrogen isotherms mikir for

all materials at constagty.

Textural properties for materials synthetized withy, = 0.15, 0.33 and 0.65 are listed in
Table 3. For materials synthesized witpey = 0.15 and 0.33, isotherms with defined
porosities are obtained. In the cas@@f = 0.15, the desorption relative pressure correspond
to the phenomenon of tensile strength effect & @/, thus the majority of formed pores
should be inaccessible to larger molecules.gear = 0.33 Fig. 6B) capillary condensation is
observed (with pore sizes of 5 nm for all matejialser and pore volume increase
considerably using ethanolic chitin suspensionriuthe synthesisl@ble 3). For highemcy

values (i.e. 0.65Fig. 6C) hierarchical porous systems are obtained withiragry porosity
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resulting from the imprint of isolated chitin momgstals (pore size ~5 nm) and a second
porosity with mesopore sizes above 15 nm (see mepmrosimetryFig. 3). Profiles of the
nitrogen isotherms for both processegat = 0.65 are very similar, but here again higher
specific surface areas are achieved for the/$iO»-B and -C samples, as high as 590 fh2.g
As deduced from nitrogen sorptionmable 3), the synthesis procedures using chitin
suspensions in ethanolic medium (series B and @iably result in higher specific surface
areas and pore volumes compared to samples obtaitledhe aqueous chitin suspensions
(series A). This might be related to the preserfceater in the early steps of the synthesis
route A, before its azeotropic removal, which méea the chemical stability of siloxane
oligomers and partially interfere with colloidaltémactions between chitin nanorods and
siloxane oligomers. Although the proportion of Jilow, we might also consider the effect of
the different procedures on the interactions oftichiand siloxane oligomers with
Ti(O'Pr)(acac). Furthermore the relation betweépy and gpor has been studied for the
obtained materialsF{g. 7). For the SiQTiO,-A materials, pore volume fractiopror)
linearly correlates to chitin volume fractiopc(y) with ¢gpor = 0.79¢cHi. For series Si@dTiO,-

B and -C, the proportionality factor is very cldseone,¢por = dchi , indicating that nearly all
the chitin introduced in the initial mixture parpates to the creation of porosity. This again
points out the possible role of small amounts ofewanitially present in route A in creating
inhomogeneities, while the same process in thenglesef water (series -B and -C) yields

very homogeneous hybrid samples.

Local structure

For SiQ/TiO,-B and SiQ/TiO,-C materials there is a significant difference oloc of the
prepared solutions prior to spray-drying. Precusmutions to obtain Si£TiO,-C show a
less intense coloration than SIDIO,-B precursor solutions (yellow colour comes frome th
complexation of Ti with acetylacetonate (acac))isThives an indication that more *Ti
cations have possibly been complexed by chitinaserfgroups in the series C solution
compared to the series B (and after spray-dryirthcatcination more Ti sites could be closer
to the pore surface). Unfortunately we were nokeadol quantify the amount of free Ti-
complex in solution by UV-visible spectroscopy,ths a-chitin nanorods themselves diffuse
over a wide spectrum, overlapping with adsorpti@mfthe Ti-complex.

XPS was used to gain insight into the distribuamid environment of Ti sites, in relation with
the synthesis procedure and interactions betweemprdcursors. We have estimated surface

Si/N molar ratios by XPS and compared them to I&illl molar ratios for non calcined B
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and C samplesT@ble 4). Surface Si/N ratios are always higher than laui&s, which reflects
the internal organisation of the samples wherercmanorods (N containing domains) are
covered by a siloxane network. We also notice fitvathe C series, Si/N ratios are higher than
for the B series, indicating a stronger phase sejoar between chitin nanorods and the
siloxane network. We have also checked the Si/Tlamm@tios on non calcined and calcined
samples Table 4). Interestingly, we observe that surface Si/Tiosfare always higher than
bulk ratios for series C samples as shown eartiersample A Table 2), but different to
sample B (it only occurs at low Si/Ti in this cas€pr series C, there is thus again a
preferential location of Ti away from the micropelds surface, probably close to the pores
made by the chitin nanorods. These differencesdmvgeries A, B and C in porosity and Ti
location will greatly influence the accessibility the active sites, and therefore the catalytic

performances of the materials.

2.3 Catalysed sulfoxidation reactions

The catalytic behaviour of the synthesized silit@ata materials was evaluated in the mild
oxidation of methyl-phenyl sulfide (MPS) and dibetiiophene (DBT) with hydrogen
peroxide. The main oxidation products (representitgge than 95% of product mixture) are
displayed inScheme 2 for each reaction. The oxidation of sulfides amdpghene derivatives
can be considered as model reactions for two importindustrial applications:
sulfoxides/sulfones synthesis and sulfur remowatnfifuels***>° The typical kinetic profiles
for the oxidation of MPS and DBT are plottedFig. 8a and8b, respectively. The oxidation
of MPS led to the sulfoxide and sulfone as produ@tsthe contrary, the kinetic profile of the
DBT oxidation showed that the sulfone was seletyiformed; only traces of sulfoxide were
found among the oxidation products at low level®BIT conversion. Taking into account the
previous results obtained on various catal§a¥s/it is reasonable to assume that the product
of the first stage in the oxidation with,&; is the DBT sulfoxide, but it is rapidly converted
into sulfone in a second oxidation step.

To obtain information about the effect of the cggaporosity, the oxidation of MPS and DBT
was carried out over SHTiO,-A catalysts with variablépor and constant molar ratio of
Si/Ti = 19. The experimental data are summarize@ahle 5. As previously reporteti for
both molecules a strong and almost linear depemdbatween the conversion and #her
was observed. Thus, after 50 min of reaction tithe,conversion of MPS into sulfone was
13% and 98% foppor = 0.10 and 0.53, respectively.
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As far as initial reaction rates are concernedy fbdow an exponential increase from 0.02 to
0.25 mmol.mift.g* for ¢por = 0.10 and 0.53, respectively. For comparisonotidation of
DBT in the presence of the TS-1 zeolite gave vewy tonversion (2% after 120 min) with a
corresponding productivity of 0.007 mmol.rtig™.

As known, the efficiency in catalysis is proporibno the accessibility to active sites when
the system is outside of diffusion limitations. Arease in catalytic efficiency can thus be
obtained by increasing the amount of accessiblgeasttes. This can be achieved either by
increasing the number of active sites on the sartady increasing the specific surface area
and thus increasing the total amount of activessite

As discussed above, by changing the synthesis tonsli(all ethanol), SigTiO,-B and
SIO/TiO,-C, mixed oxides with improved characteristics welgained. These materials
should be catalytically more active than the SI@,-A materials, as they show higher
specific surface areas and should thus have maressible Ti sitesFig. 9 compares the
performances in the MPS oxidation of the catalgstB and C with Si/Ti =19

and ¢cy = 0.15, 0.33 and 0.65. The initial reaction ratee plotted inFig. 9A, the
productivities (in mmol of MPS converted per mirdamof catalyst) after 30 min are plotted
in Fig. 9B and the initial reaction rates normalized by sipesurface area are showedRiy.

9C.

As expected, the initial reaction rate and the patiglity increase agcy is increased from
0.15 to 0.65, mostly reflecting the increase infae area. Also, there is no significant
distinction between the different samplegai = 0.15. This can be explained by the lack of
accessibility of most of the internal surface. bntrast, atycn = 0.33 and 0.65 the initial
reaction rate for the SYXi0,-C catalyst is significantly higher compared to $iWO,-B and

-A. The same tendency is observed in termes ofymtodty at ¢c = 0.33. Productivities at
high initial chitin volume fraction (i.epcn = 0.65) are similar for SifTiO,-B and -C, and
higher than for SigITiO,-A.

Except at lowgcy = 0.15, the initial reaction rate normalized bg #pecific surface area is
highest for SIQTiO,-C materials [Fig. 9C). Therefore, initial mixing of the Ti precursortvi
chitin nanorods (series C) makes the resulting nadgéemore efficient than the two others
types (series A and B) by a factor of 1.4 and dr2¢n = 0.33 and 0.65, respectively. This
should be related to the enrichment in Ti sites lea pore surface, as suggested by XPS
measurementsl @ble 4), possibly resulting from complexation of Ti atoimg chitin surface
groups. For the samples of series A and B at thesecompositions, very similar values of

Vin/Sger are obtained, underlying the direct role of higherface area in the increase of the
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initial rate Fig. 9A). Surprisingly, in the particular case @fy = 0.15, the highest value of
VindSser Is obtained for SigTiO,-A. We attribute this apparently higher efficientwy the
much higher surface area measured for samples eéB-@ntaken into account by the

normalization, a large proportion of which beingraccessible internal porosity.

Effect of the Ti content

In order to emphasize the effect of the Ti amouantatalysts, between the initial reaction rate
and the specific surface area, are summarizéadilihe 6.

The comparison in terms of initial reaction rateeas that Si@TiO,-C samples always have
higher values than the other catalysts. It is irtgodrto note that for SilDIiO,-C with Si/Ti =

68 the same initial rate is obtained as for FI@,-A with Si/Ti = 38. In other words, with
the new synthesis procedure (giO,-C materials), the total amount of Ti introducedh ca
be cut in half while maintaining the same initiahction rate. Concerning the productivity at
30 min of reaction, it is 0.86 mmol.mirg™ for Si0y/TiO,-A, and about 1 mmol.mihg* for
SiO,/TiOL,-B and -C. A similar order of activity is observet samples with Si/Ti = 38 but
with overall slightly lower productivities. For theystem with the lowest amount of Ti (i.e.
Si/Ti = 68) the value of P30 for S0i0O,-B and -C is twice that exhibited by the Si00,-

A sample.

Again, normalization of initial reaction rates byyesific surface area shows that the increase
in productivity, Vir; is due to the increase of the specific surfacex dog SiQ/TiO,-B
compared to Si@TiO,-A. Hence, in this case, increase in active sitessibility is directly
related to the increase in surface area. The mituas different for SIQTiO,-C samples,
where higheV/Sger values are obtained for all Si/Ti ratios. Thisnferces the conclusion
that syntheses performed in ethanol (-B and -Cldymore porosity than when water is
initially present in the system. In addition, théximg and interaction of Ti precursors with
chitin particles prior to adding the siloxane ohgers (route -C) favors the distribution of Ti
sites near the pore surface by a factor of 1.2,ahd 1.4 for Si/Ti ratios of 19, 38 and 68

respectively, compared to routes -A and -B.

Recycling of catalysts

Catalyst recycling experiments were performed itheoito evaluate the stability of catalysts
during exploitation. SigITiO»-A, -B and -C synthesized withcy = 0.33 and Si/Ti = 19 were
reused five times in the MPS oxidation reactiorB38 K, in acetonitrile, for 50 min. The

catalyst was separated by filtration after eaclctrea, washed with acetonitrile, and then
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placed into a fresh reagent mixture. As can be cedlfromFig. 10A the productivities after
50 minutes of reaction stays high for the firstefiuns showing only slight deactivation.
Deactivation affects all samples in a similar manrguggesting that the deactivation
mechanism is probably similar. After five catalytigcles, SiQITiO,-C exhibited comparable
productivity as the Si@TiO,-A sample during the first run (i.e 0.36 mmol.fhig?). Diffuse
reflectance UV-vis spectra recorded before and &ifte catalytic tests for the SiDiO,-A
material Fig. 10B) showed a slight shift towards higher wavelengththe low energy band,
which indicates a change in the Ti coordinationimment. In agreement with that, we
noticed a drop in the Fd/Tion ratio estimated from XPS from about 11 to 4 atfiter catalytic
tests (the XPS Si/Ti molar ratio remaining in tf#2e33! range).

Comparison with the literature

The catalytic performance of these materials wathén compared to those previously
reported for the oxidation of MPS under same comust A Ti-MCM-41 catalyst $ger =
795 nf.g*, Si/Ti = 112) gave a conversion of 36% after 6@ wfi reaction which corresponds
to a productivity of 0.18 mmol.mihg™ at that reaction tim& A SiO,-TiO- obtained via non-
hydrolytic sol-gel techniquesSéer = 1215 m.g*, Si/Ti = 22) yielded full conversion after
45 min and has a productivity of 0.67 mmol thig" at full conversion for the MPS
oxidation®® For our materials, the highest productivity at fidnversion (attained after only
30 min) reaches 1 mmol mirg™ for the sample atpor= 0.49 Geer = 590 ni.g*, Si/Ti = 19),
which is three times higher than for the above meet catalysts when normalized by
surface area. This finding underlines the efficien€ these materials for mild sulfoxidation
which should be ascribed to enhanced diffusivityhi@ system of interconnected mesopores

and to a very good distribution of the Ti siteshitthe material.

3. Experimental

3.1 Syntheses

Materials

Chitin flakes extracted from shrimp shells weredknprovided by France Chititf. TEOS
(ABCR, purity > 99.9%), absolute ethanol (Sigma+#dt, purity > 99.8%), Ti(@Pr)(acac)
(Sigma-Aldrich, 75wt% in isopropanol), anatase (@gAldrich, > 99%), methyl-phenyl
sulfide (Sigma-Aldrich, purity > 99%), dibenzothlmgme (Sigma-Aldrich, purity > 98%),
hydrogen peroxide (Sigma-Aldrich, 50 wt% aqueoututsmn), and acetoniltrile (Fisher
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Chemical, HPLC Gradient grade, 15 mL) were usedeaeived. TS-1 was synthesized

according to the literatur®.

Chitin suspensions

Aqueous suspensions afchitin nanorods were prepared following a proceddescribed
elsewhere (ref. 44, Belamat al. 2004),based on the hydrolysis of chitin in boiling HCI (4
M) for 120 min. The nanorods preparation involvémiaation of excess HCI by dialysis,
followed by ultrasound dispersion prior to the faoation by low- and high-speed
centrifugation cycles. Nanorods are finally susgehdn HCI (10* M) or EtOH at a
concentration of 1.5 wt%.

Sloxane oligomers sols

An alcoholic solution containing siloxane oligoméB mmol.g") was obtained by mixing
under reflux (4 h) TEOS and water in absolute ebhaith the molar composition 1 TEOS: 2
H,O: 2 EtOH. The resulting siloxane oligomers are Isncalloids with an average
hydrodynamic diameter @y = 2.9 + 0.2 nm determined by DLS.

Slica-titania materials

For the preparation of the silica-titania hybridterals the siloxane solution was mixed with
Ti(OiPr)(acac) and the chitin suspension. The reactant prop@t@wa set to reach the water-
ethanol azeotrope composition (ca. 96wt% ethamal)aagiven chitin volume fractiopcy, in

the final nano-composites.

SiOJ/TiO,-A: For a typical procedure, in order to obtain atemial with¢cy = 0.65 and 5
mol% Ti, the siloxane suspension (3ng,= 8.88 mmol) was placed in a round bottom flask
(1 1) and stirred. Ti(@r)(acac) (0.228 g,nr = 0.469 mmol) was added dropwise at RT. The
yellow mixture was stirred for additional 5 min atié chitin suspension (22.5 ml) was added
dropwise forming a yellow/orange precipitate. Theqgpitate was dissolved by adding
immediately 400 mL of absolute ethanol and stirrifilge solvent mixture is evaporated using
standard rotary evaporation conditions until theitsan transforms into a paste. The same
initial amount of ethanol is then added and thetunecis again evaporated. These solvent-
exchange cycles are repeated three times to ensorglete removal of water. After the last
ethanol removal, the resulting paste was dissolaedthanol in order to achieve a chitin
concentration of 3.10g.mL".

SiO)/TiO,-B: Amounts of precursor materials were the sameabsve. The siloxane

suspension was mixed to Tif@r)(acac) under stirring, andollowed by the addition of a
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chitin suspension in ethanol. Evaporation cyclessfilvent exchange were not necessary in
this case.

SiIO/TiO,-C: Amounts of precursor materials were the samabase. A chitin suspension in
EtOH was first mixed with Ti(@Pr)(acac) during 10 min under stirring, followed by the
addition of the siloxane suspension. Evaporatigoles for solvent exchange were not
necessary in this case.

The obtained solutions were subsequently spragldigng a Blchi 290 mini-spray dryer
under dry nitrogen at 393 K. Mesoporous sampleswétained by calcination in air (8 h,
823 K). After calcination, the siloxane condensatilegree may slightly increase (from about
0.88 to 0.91 as determined BYi solid-state NMR on some samples). The molao ratiTi
determined by elemental analyses on different wattiand non calcined samples coincide

with the initial ratio inside the sols as expected.

3.2 Characterization techniques

Elemental analyses were done at the CNRS facifgrVice Central d’Analyse” (Vernaison,
France).

Nitrogen sorption isotherms were recorded usingierdvhetrics Tristar apparatus at 77 K.
Calcined samples were outgased at 523 K at3Tdr for at least 8 h. The pore volume
fractions ¢por Were estimated using the maximum adsorbed volumeitmgen sorption
isotherms considering a density of 2.2 g'cfor silica. Specific surface areaSsf) were
calculated using the BET meth8tAverage pore diameters were inferred from theogin
desorption branch according to Broekhoff and derBdB) *

Transmission Electron Microscopy (TEM) analyses evenade on a JEOL 1200 EX2
microscope operating at 100 kV. Calcined sample® weounded and embedded in a resin
and cut into slices (~70 nm thick) with an ultrarotome.

Scanning Electron Microscopy (SEM) images were née using a Hitachi S-4500 | SEM.
Diffuse reflectance UV-vis (DR UV-vis) spectra weseorded under ambient conditions on a
Perkin EImer Lambda 14 spectrometer equipped wiBa8Q coated integration sphere.
Samples were diluted in BagG&pectra were plotted using Kubelka-Munk function.

X-ray photoelectron spectroscopy (XPS) measuremwrte carried out on an ESCALAB
Mk Il (VG Scientific Ltd) electron spectrometer @gavacuum of 1§ Pa). XPS spectra were
recorded using a Mg Kexcitation source with photon energy of 1253.6 e instrumental
resolution was 1.06 eV (from the FWHM of Ag3d5/2opdelectron line). Energy calibration
was performed using the C 1s line of adsorbed latbmns (285 eV). The relative
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concentrations of the different chemical speciesewdetermined by normalization of the
areas of the XPS peaks by their photoionizatiossssections calculated by Scofiéfd.
Microparticles grain size was measured by lighttecaag on a MALVERN Mastersizer 2000

in water dispersions.

3.3 Catalytic studies

The catalytic experiments were carried out at aphesc pressure, at 333 K, in a three-necks
glass batch reactor (50 ml), equipped with magrsdircer, thermometer and condenser, and
placed in a thermostated bath. The solid catalgst suspended under vigorous stirring (1000
rpm) in a mixture containing the organic substi@t® mmol), hydrogen peroxide (50 wt%
agueous solution, 3 mmol for MPS and 7.5 mmol f&TIp and acetoniltrile (15 mL) as
solvent. Blank experiments were carried out in #isence of catalyst. Samples of the
reaction mixture were withdrawn periodically andaigzed on a Varian 3900 chromatograph
equipped with a capillary column (DB-1, 60 m, 0120 i.d., 0.25 um film thickness) and
FID.

3.4 Methods
Estimation of chitin volume fraction (¢cn) and pore volume fraction (¢por)
The composition of the initial suspensions usegrepare the materials was set to reach a
given chitin volume fractiongcy) in the final nano-compositegcy is calculated using the
volumes ¥) of the components, and is described as:

V,

% - Chitine
HI
VChitin -l_VSOZ +VT|OZ

1)

The volume occupied by each component in the fmaterial after drying is obtained by
dividing the mass of this component by its estidadensity within the solid (i.echitin =
1.43,ps02=1.9,p1i02= 4).

The pore volume fractionggor) iIs deduced from the plateau of sorption afterillzap
condensation in nitrogen sorption isotherms arglsulated as:

VPOR
VSampIe + VPOR

%OR =
(2)

with Vpor: maximal volume in nitrogen isotherms aWe.mpie mass sample/density sample

(for the materials herein described, a density.®fvlas used.
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Initial velocity and productivity

Page 18 of 32

By applying a tangent to the initial part of thengersion vs. time curve, where conversion is

linear in time, the initial velocity can be calcidd as the slop&) of the linear relation and is

given as:
C=alt (3)
with C: conversion in %t: time in min.
From this relation the initial velocityi;) is calculated by:
v =al 001
m (4)
with n: moles of reactant and: mass of catalyst.
Productivity @) is calculated for a certain timg 6Of the reaction as:

P= ﬂ (D01
t Om (5)

with C: conversion (%)n: moles of reactant; time of reactionm: mass of catalyst.
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4. Conclusion

In summary, we have obtained mesoporous silicatéitaatalysts synthesized by combining
the sol-gel process with the self-assembly progertif a-chitin nanorods, acting as green
templates. Spray-drying allowed for the achievenodmiatalysts as individual micropatrticles.
The three synthesis methods presented here léietadnclusion that materials synthesized
employing an initial ethanolic chitin suspensioregent the advantage of an easy and fast
synthesis protocol leading to materials with inseghtextural properties and higher catalytic
activity. Moreover, by mixing the-chitin nanorods first with the titanium complexgsrto
combination with the siloxane oligomers, the qusraf active titania sites on the surface can
be maximized, leading to materials with very higlductivities in sulfoxidation reactions.
This important result can be explained by the caxiply ability of the chitin surface towards
the titanium monomeric precursor. Hence, we areeatly investigating the interactions of
metal complexes and chitin nanorods in order toceme other materials with optimized
properties. We are certain that the chitin bio-tktipg strategy described here represents a
valuable tool for directing active sites on theface of mixed oxides, in addition to the

modulation of the textural properties coming frdm hard templating approach.

Acknowledgements
ANR French Agency is acknowledged for the spedifitding through the HYSIKIT project.
Campus France is acknowledged for its support tiroine PHC program Rila. Thomas

Cacciaguerra is thanked for his help on electracr@scopies.

18/31



Catalysis Science & Technology Page 20 of 32

Bibliographic references and notes

1.

© N o g~ w

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

A. Sachse, V. Hulea, K. L. Kostov, N. Marcoti, Yu Boltoeva, E. Belamie and B.
Alonso,Chem. Commun., 201248, 10648-10650.

K. Kaczorowska, Z. Kolarska, K. Mitka and P. Kaski, Tetrahedron, 2005,61, 8315-
8327.

E. Ito and J. A. R. Van Vee@atal. Taday, 2006,116, 446-460.

V. Hulea, F. Fajula and J. BousqukCatal., 2001,198, 179-186.

H. L4, J. Gao, Z. Jiang, Y. Yang, B. Song andiCChem. Commun., 2007, 150-152.

I. Fernandez and N. KhigZhem. Rev., 2003,103, 3651-3705.

D. R. C. Huybrechts, L. De Bruycher and P. Aobs,Nature, 1990,345, 240-242.

G. Bellussi, A. Carati, M. G. Clerici, G. Meddih and R. Millini, J. Catal., 1992,133,
220-230.

S. Gontier and A. Tueppl. Catal. Gen., 1994,118, 173-186.

M. G Clerici and M. E. Domine, ihiquid Phase Oxidation via Heterogeneous
Catalysis: Organic Synthesis and Industrial Applications, eds. M. C. Clerici and O. A.
Kholdeeva, Wiley, Weinheim, 2013, pp. 21-93.

O. A. Kholdeeva, irLiquid Phase Oxidation via Heterogeneous Catalysis. Organic
Synthesis and Industrial Applications, eds. M. C. Clerici and O. A. Kholdeeva, Wiley,
Weinheim, 2013, pp. 127-220.

T. Blasco, A. Corma, M. T. Navarro and J. Pétadente,). Catal., 1995,156, 65-74

A. Corma, M. Domine, J. A. Gaona, J. L. dord/. T. Navarro, F. Rey, J. Pérez-
Pariente, J. Tsuji, B. McCulloch and L. T. Nemefinem. Commun., 1998, 2211-
2212.

W. Zhang and T. P. Pinnavaizgtal. Lett., 1996,38, 261-265.

C. Galacho, M. M. L. Ribero Carrott and P. J. Gérrott, Microporous Mesoporous
Mater., 2007,100, 312-321.

M. Guidotti, C. Pirovano, N. Ravasio, B. b&z, J. M. Fraile, J. A. Mayoral, B. Coq
and A. GalarneawGreen Chem,, 2009,11, 1421-1427.

N. Ravasio, F. Zaccheria, M. Guidotti and RarBslop. Catal., 2004,27, 157-168.

R. Huttler, T. Mallat and A. Baike#, Catal., 1995,153, 177-189.

R. J. Davis and Z. F. LiGhem. Mater.,1997,9, 2311-2324.

M. Andrianainarivelo, R. Corriu, D. Leclercq, R. Mutin and A. Vioux,J. Mater.
Chem,, 1996,6, 1665-1671.

V. Lafond, P. H. Mutin and A. Vioud,Chem. Mater., 2004,16, 5380-5386.

19/31



Page 21 of 32

22.
23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Catalysis Science & Technology

J. H. ClarkGreen Chem., 1999,1, 1-8.

M. Eissen, J. O. Mertzger, E. Schmidt and hng@ewind,Angew. Chem. Int. Ed.,
2002,41, 414-436.

N. Baccile, F. Babonneau, B. Thomas, T. CoradliMater. Chem., 2009,19, 8537-
8559.

J. M. Campelo, D. Luna, R. Luque, J. M. Marigesl A. A. RomeroChem. Sus.
Chem., 2009,2, 18-45.

R. Chal, C. Gerardin, M. Bulut and S. van Dddem. Cat. Chem., 2011,3, 67-81.

C. Gerardin, J. Reboul, M. Bonne and B. Leb&hem. Soc. Rev., 2013,42, 4217-
4255.

S. MannNature, 1993,365, 499-505.

H. Yang, N. Coombs and G. A. Ozimgture, 1997,386, 692-695.

S. Mann, inBiomineralization. Principles and Concepts in Bioinorganic Materials
Chemistry, Oxford University Press, Oxford, 2001.

C. Sanchez, H. Arribart and M. M. G. GuilNgt. Mater., 20054, 277-288.

E. Ruiz-Hitzky, M. Darder, P. Aranda and K. gajAdv. Mater., 2010,22, 323-336.
H. Ehrlich,Int. Geo. Rev., 2010,52, 661-699.

N. Lin, J. Huang and A. Dufresri¥anoscale, 20124, 3274-3294.

A. El Kadib, M. Bousmina and D. Brundl, Nanoscience Nanotechnology, 2014,14,
308-331.

E. Dujardin, M. Blaseby and S. MadnMater. Chem., 2003,13, 696-699.

B. Alonso and E. Belamiéngew. Chem. Int. Ed., 2010,49, 8201-8204.

E. Belamie, M. Y. Boltoeva, K. Yang, T. Cacaiaga and B. Alonsal. Mater. Chem.,
2011,21, 16997-17006.

C. Schutz, J. Sort, Z. Bacsik, V. Oliynyk, EllReer, A. Fall, L. Wagberg, L. Berglund,
L. Bergstrom and G. Salazar-Alvaréd,0SONE, 2012,7, e45828.

N. Thanh-Dinh, K. E. Shopsowitz and J. M. Madtlan, Chemistry Eur. J., 2013,19,
15148-15154.

N. Thanh-Dinh, K. E. Shopsowitz and J. M. Madillan,J. Mater. Chem. A, 2014,2,
5915-5921.

A. Ivanova, D. Fattakhova-Rohlfing, B. E. Kaaal. Rathousky and T. Beid, Am.
Chem. Soc., 2014,136, 5930-5937.

J. F. Revol and R. H. Marchessaluit, J. Biol. Macromol. 1993, 15, 329-335.

20/31



44,

45,

46.

47.

48.

49.
50.

51.

52.

53.

54.
55.

56.

57.
58.
59.

60.
61.
62.

Catalysis Science & Technology Page 22 of 32

E. Belamie, P. Davidson and M. M. Giraud-GulillePhys. Bhem. B, 2004,108, 14991-
15000.

K. Masters, irfpray-Drying in Pracice, SprayDryConsult International ApS, Hvidovre,
2002.

C. Boissiere , D. Grosso , A. Chaumonnot , Ilcod and C. SancheAdv. Mater.,
2011,23, 599-623.

B. Alonso, E. Véron, D. Durand, D. Massiot &hdClinard,Microporous Mesoporous
Mater., 2007,106, 76-94.

M. Fatnassi, C. Tourné-Pé teilh, T. Cacciagyd?t Dieudonne, J.-M. Devoisselle and
B. Alonso,New J. Chem., 2010,34, 607-610.

K. S. W. SinglUPAC Technical Reports and Recommendations, 1985,57, 603-619.

J. C. Groen, L. A. A. Peffer and J. Perez-Ramiicropor. Mesopor. Mater., 2003,
60, 1-17.

J. lapichella, J.-M. Meneses, |. BeurroiesPBnoyel, Z. Bayram-Hahn, K. Unger and
A. GalarneaulMicroporous Mesoporous Mater, 2007, 102, 111-121.

A. El Kadib, K.Molvinger, T. Cacciaguerra, Mo@smina and D. BruneMicroporous
Mesoporous Mater., 2011,142, 301-307.

M. Boltoeva, I. Dozov, P. Davidson, K. Antonpva Cardoso, B. Alonso and E.
Belamie,Langmuir, 2013,29, 8208-8212.

V. Hulea, P. Moreau and F. Di Ren2adylol. Catal., 1996,111, 325-332.

V. Hulea, A. L. Maciuca, F. Fajula and E. Durit Appl. Catal. A, 2006,313, 200-
207.

A. M. Cojocariu, P. H. Mutin, E. Dumitriu, Fafala, A. Vioux and V. HuleaChem.
Commun., 2008, 5357-5359.

Y. Jia, G. Li and G. Ningsuel Process. Technol., 2011,92, 106-111.

France Chitine, http://www.france-chitine.comedessed July 2014).

Verified Synthesis of Zeolitic Materials, ed. H. Robson, Elsevier, Amsterdarfi® &d.,
2001, p. 207.

S. Brunauer, P. H. Emmett and E. TelleAm. Chem. Soc., 1938,60, 309-319.

C. P. Broekhoff and J. H. De BoérCatal., 1968,10, 377-390.

J. H. Scofield). Electron Spectrosc. Relat. Phenom., 1976,8, 129-137.

21/31



Page 23 of 32 Catalysis Science & Technology

Tables

Table 1. Properties of SigTiO,-A materials with Si/Ti = 19.

Initial gy~ Finalgpor ~ Seer (M2.gY)  V(mL.gY) A‘;?ngg(f]rf];’re
0.15 0.10 72 0.06 5.0
0.25 0.17 91 0.09 5.1
0.33 0.24 170 0.17 5.4
0.50 0.34 256 0.27 5.7
0.65 0.53 443 0.60 6.0

Table 2. Molar ratio Si/Ti for SiQ/TiO»-A calcined samples.

deni bulk Si/Ti surface Si/Ti (XPS)
0.15 19 ~36
0.33 19 ~33
0.65 19 ~34
0.65 39 ~70
0.65 70 ~112
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Table 3. Comparison of textural properties for SITO,-A, -B and -C materials as function

of initial chitin volume fractiongy, (with Si/Ti = 19).

Pehi PpPor Seer (M2.gY) V (mL.gY) Pore size (nm)
A B C A B C A B C A B C
0.15 0.10 0.15 0.15 72 210 220 0.06 0.10 0.09 5 5 5
0.33 0.24 0.34 0.34 170 265 259 0.17 0.27 0.29 6 6 6
0.65 053 0.61 0.62 443 590 585 060 082 0.84 6;30 6;30 6,30

Table 4. Si/Ti and Si/N molar ratio for SiflO,-B and -C non calcined and calcined

samplesdgcn = 0.65).

surface Si/Ti

surface Si/N

Type of sample bulk Si/Ti (XPS) bulk Si/N (XPS)
B non calcined 19 ~28 2.4 ~4.4
B non calcined 39 ~26 2.4 ~5.1
B non calcined 70 ~55 2.4 ~4.9
C non calcined 19 ~40 2.4 ~19.5
C non calcined 39 ~61 2.4 ~12.4
C non calcined 70 ~90 2.4 ~8.9

B calcined 19 ~130

B calcined 39 ~36

B calcined 70 ~62

C calcined 19 ~31

C calcined 39 ~52

C calcined 70 ~90
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Table 5. The effect of the catalyst porosity on the sulfiaion of MPS and DBT; catalyst
SiG,/TiIOL-A (Si/Ti = 19).

PpPoR
0.10 0.17 0.24 0.34 0.53
MPS conversion into sulforfg%) 13 39 60 78 98
MPS initial rate (mmol.mit.g™) 0.41 0.95 1.57 2.09 4.32
DBT conversior! (%) 5 21 40 52 69
DBT initial rate (mmol.miff.g™) 0.02 0.04 0.06 0.14 0.25

a:reaction time = 50 min; b: reaction time = 120 min

Table 6. Catalytic behaviour of Si§ITiO, samples withicy = 0.65 and various texture and
chemical composition for the MPS oxidation with(.

Si/Ti=19 Si/Ti = 38 Si/Ti = 68
A B C A B C A B C
Vit (mmol.mint.g% 129 169 198 119 145 187 056 084 1.16
P3o (mmol.mirt.g?) 0.86 099 1.00 078 0.81 091 0.33 061 0.67
VidSeer (mmol.mintm? 29 29 34 27 25 32 13 14 20
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Schemes and Figures

Scheme 1. The three synthesis routes to elaborate,Si0,-A, -B and -C materials.

A {Silox. + Ti-compl.} + Chitin,,,, Somamme® SiO,/TiO,-A
B | {Silox. + Ti-compl.} + Chiting,o,, ="+ SIO,/TiO,-B

C | {Chiting, + Ti-compl.} + Silox, > SiO,/TiO,-C
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Scheme 2. Catalytic sulfoxidations of methyl-phenyl sulphi@dPS) and dibenzothiophene

(DBT).
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Fig. 1. SEM images of microparticles obtained by sprayrdyyor ¢cy = 0.15 (a), 0.33 (b)

and 0.65 (c). Experimental size distribution of romarticles (d) §: ¢crxi = 0.65 and Si/Ti =
19, A: ¢cn = 0.65 and no Ti: ¢cy = 0.25 and Si/Ti = 19).
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Fig. 2. (a) Nitrogen sorption isotherms at 77 K. (Symbalse, A, ¥ and¢ correspond to
calcined materials synthesized withy = 0.15, 0.25, 0.33, 0.5 and 0.65, respectively). (b)

Porous volume fraction as function of chitin volufn&ction. (c) Porous volume fraction as

function of surface area. The lines are only guiddbe eye.
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Fig. 3. Mercury porosimetry of Si€TiO»-A obtained withpcy = 0.65 and Si/Ti =19.

35

3.0

251

20t

15F

V (mL g?)

10f

05}

0.0 L .
1000 100 10 1 0.1 0.01 1E-3

27/31



Page 29 of 32 Catalysis Science & Technology

Fig. 4. TEM images of Si@TiO,-A materials (Si/Ti = 19) witkpcyy = 0.15 (a, d), 0.33 (b, €e),
0.65 (c, f) and corresponding schemes for matesiaishesized witlpcn = 0.15 (g), 0.33 (h),
0.65 (j).
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Fig. 5. High-resolution Ti2p-photoelectron spectra otoad SiQ/TiO,-A sample with Si/Ti
= 19 andgcy = 0.65 (a), TS-1 (b) and anatase (c). Diffuseertfince UV-Vis spectra of
SIO/TiO,-A sample with Si/Ti = 19 andcy = 0.65 (d), TS-1 (e) and anatase (f).
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Fig. 6. Nitrogen sorption isotherms at 77 K for Si00,-A (black) and -C (gray) samples

synthesized witlgcy = 0.15 (a), 0.33 (b) and 0.65 (c) for Si/Ti = 19.
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Fig. 7. Pore volume fraction as function of chitin volufmaction ¢cy; for SiQ/TiO2-A (A)
and SiQ/TiO,-C (m) for Si/Ti = 19.
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Fig. 8. Conversion of MPS (a) and DBT (b) as functioniofet (catalyst Si@TiO,-A with
Si/Ti =19 andppor = 0.53). Gray: Mono-oxidized product. Black: diidized product.
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Fig. 9. Initial reaction rate (a), productivity after 30mnmib) and initial reaction rate averaged

over specific surface area (c) as function of ahithitin volume fractio®cy (Si/Ti = 19).

[z sio  Tio,-A
| === sio,/Tio,-B
B8 Si0,/Tio,-C

0.15

0.33
¢CHI

{z sio,Tio,-A
=N sio,/Tio, B
0.8+ B8R Si0,/Ti0,-C

Pz, (Mmol mint g1)

0.65 ) 0.15 0.33
¢CH|

0.65

(@]
IN
o

Now w
o o u

g
=3

NintISBET
(mmol mint g/ m2 g1)-103

o
»

o
=)

-5 B8N Si0,/Tio, B
B8R Si0,/TiO,-C

e
o

g
=)

ez Sio,Tio ,-A

0.15 0.33 0.65
¢CHI

Fig. 10. (a) Recycling of catalystm: SiO/TiO-A, e: SIO/TiO-B ando: SiO/TiO~C
(¢cmi = 0.33, Si/Ti = 19). (b) Diffuse reflectance UV-Vgpectra of SigTiO-A sample,

before (black line) and after (gray line) reaction.
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