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Abstract

Hierarchical TS-1 zeolite was successfully prepared using chitosan as a sacrificial
template. The X-ray diffraction showed that the presence of chitosan with the
synthesis precursor had no deleterious effect on the crystallinity and phase purity of
this zeolite. X-ray absorption spectroscopy at the Ti K-edge, FTIR and Raman
spectroscopies revealed the titanium ions in the zeolite structure have predominantly
tetrahedral coordination. However, it appears that the higher chitosan content in the
synthesis gel imparted some hydrophilic character to the TS-1 system. Furthermore,
the technique adopted for the preparation of the synthesis gel — e.g partially dried or

fully dried — appears to affect the amount of framework titanium in the zeolite



structure. The calcined form of the chitosan templated TS-1 zeolites exhibited higher
cyclohexene conversion compared to the TS-1 material synthesised without this

template, but these catalysts showed lower selectivity for cyclohexene epoxide.

KEYWORDS: Hierarchical TS-1, Chitosan, Cyclohexene epoxidation, hydrogen peroxide,

XANES, hydrophobic, hydrophilic

1 Introduction

The discovery of titanosilicate molecular sieves opened up a new chapter in the
selective oxidation of several substrates under mild conditions of aqueous hydrogen
peroxide as an oxidant [1-3]. However, the intrinsic pore geometry of this molecular
sieve limits the range of substrates for which it can be used [4], which has led to
increased efforts to find ways around this restriction. To overcome diffusion limitations
and to facilitate easy access to the active sites of these molecular sieves, several
authors have used titanium based large pore molecular sieves [4-7], while others have
attempted to create larger pores in the original TS-1 molecular sieve [8-12]; this latter
type of material is known as a hierarchical-pore molecular sieve.

Molecular sieves with a hierarchy of pore architectures offer several
advantages over those with a predominantly microporous pore structure. Some of
these benefits include prolonged activity due to reduced pore blocking, effective
diffusion of substrate and products into and from the molecular sieve pore, as well as
the ability to accommodate and process bulky molecules that may be larger than the

intrinsic zeolite micropore.



There has been intense effort to optimise the synthesis routes to produce
molecular sieves with a hierarchy of pores. Commonly employed methods include the
use of a secondary (inert) template which can be easily removed by post synthesis
thermal treatment in air/oxygen or via chemical treatment [13]. In this category,
carbon-based materials such as carbon black (CB) [14, 15], carbon nanotube (CNT) and
carbon nanofibre (CNF) [16-19] are popular candidates. However, due to the toxic
nature of CB [20] and the high cost of CNT and CNF, alternative materials, which are
less toxic and cost effective will be advantageous.

Chitosan, a non-toxic co-polymer derived from deacetylation of chitin is a
potential alternative yet to be explored to create hierarchical porous materials. The
use of chitosan as sacrificial template offers many advantages as an alternative to
carbon black, CNT and CNF as it is widely available at low cost and is non-toxic.
Pharmaceutical, food [21, 22], medical [23] and textile [24-26] are some of the
industries where chitosan is being used for varieties of applications. In catalysis,
however, earlier applications of chitosan include its use for enzyme immobilization and
as support for precious and transition metals [27-30].

Although, there are reports on chitosan-zeolite composite systems [31, 32], to
the best of our knowledge there are no reports on the application of chitosan as a
secondary inert template to develop hierarchical zeolites. Hence, in this study, we
report on the direct use of chitosan as a secondary template in the one-pot synthesis
of hierarchical TS-1 molecular sieve. The study focuses on the effect of the extent of
pre-drying (fully dried or partially dried) of the zeolite precursor on the crystallinity and

incorporation of titanium ions in the framework through detailed characterisation of



the chitosan templated TS-1. Titanium K-edge XAS, Raman and infrared spectroscopic
techniques were used to determine the incorporation (or otherwise) of Ti* ions in the
framework when synthesised in the presence of chitosan. The catalytic performance of
the resulting materials — after calcination — was evaluated for the epoxidation of

cyclohexene with aqueous hydrogen peroxide.

2 Materials and Experimental Section

2.1 Materials

All the chemicals utilized in this experiment were sourced commercially.
Tetraethyl orthosilicate (TEOS, Research Grade, 98%) and titanium(IV) ethoxide (TEOT,
Technical Grade) used as the silica and titanium sources respectively were obtained
from Sigma-Aldrich. Tetrapropyl ammonium hydroxide (TPAOH, 25wt% in H,0)
purchased from Acros Organics was used as the structure directing agent. Chitosan
(coarse ground flakes and powder, molecular weight 310000 - 375000), used as an
inert template was obtained from Sigma-Aldrich. All the chemicals were used as

received without further purification or modifications.
2.2 Catalyst synthesis

The TS-1 samples were synthesised hydrothermally. However, the synthesis
precursors were prepared in two different ways and the effects of these methods on
the structure and activities of the catalysts were investigated.

In the first technique, termed the fully dried method (FD), the precursor was
heated to evaporate all the solvent until a dry amorphous powder was obtained. This

technique was envisaged to maximize the contact between the zeolite precursor and



the chitosan to induce better mesopore on the resulting zeolite; it also minimises the
phase separation between the zeolite precursor and the chitosan. In the second
technique, the partially dried method (PD), the precursor was heated for a limited
time. This technique, which is closely similar to the conventional hydrothermal method
was designed in order to ascertain the effect of the preparation conditions and
precursor water content on the zeolite structure. The typical synthesis procedure for

both methods is described below.
2.2.1 FD Technique

Typically, 0.5g TEOT was slowly added to 22.85g of TEOS under vigorous stirring
at room temperature for an hour. To this solution, 4.45g of TPAOH (25wt% in H,0) was
added dropwise over a period of 15-20 minutes. The resulting mixture was stirred for
another one hour, after which the beaker containing the mixture was suspended in an
oil bath placed on a magnetic hotplate stirrer and heated to 45°C with continuous
stirring for two hours. After this, a specified amount of chitosan was added to the
mixture and stirred at 45°C for an additional three hours. Subsequently, the
temperature of the oil bath was increased to 80°C and the precursor was left
overnight (ca 16 hours) to obtain a dry powder.

The dry powder was mixed with 10.6g of 25wt% TPAOH/H0 resulting in a
viscous mixture with overall average gel composition of 50Si : Ti : 8.5TPAOH : 204H,0,
was charged into a Teflon-lined autoclave, sealed and placed in an oven at 170°C for
48 hours. After this, the autoclave was quenched in cold water and the solid product
retrieved by centrifugation at 4000 rpm. The product was washed several times with

deionised water until the pH of the filtrate was below 7.5. The recovered product was



dried overnight at 110°C in an oven. The occluded template molecules (both chitosan

and TPAOH), were removed by calcination in static air at 650°C for 12 hours.

2.2.2 PD Technique

This method follows that described for the FD method above until the chitosan
was added. Once the chitosan has been added, the mixture was heated at 80°C only
for three hours rather than to dryness as in the FD method. Subsequently, 10.6g of
TPAOH was then added and the mixture was placed in a Teflon-lined autoclave and
crystallized following the conditions described for the FD above. The post synthesis
treatment of this samples — separation, washing and calcination — also follow those

described for the FD method.
2.3 Characterisation Techniques

The phase purity and crystallinity of the synthesized materials were evaluated
using the XRD technique. Diffraction data were recorded from 5-50° 26 angle using a
Bruckner D4 Endeavor X-ray diffractometer with Cu-Ka Radiation (operated at 40KV
and 50mA ) and a nickel filter.

Raman spectroscopy and X-Ray absorption spectroscopy (XAS) were used to
obtain information on the incorporation and coordination geometry of the titanium in
the TS-1 structure. In particular titanium K-edge XANES data were used to extract the
coordination environment around the titanium in the samples. The Raman spectra
were recorded on a multiline Renishaw Invia Raman microscope using a laser
wavelength of 325nm. The spectral resolution was set at 4 cm™ and an average of 30

scans was accumulated per sample.



The titanium K-edge XANES data were collected at the XAFCA [33] beam line at
the Singapore Synchrotron Light Source (SSLS), Singapore, which operates at 0.7 GeV.
In a typical XANES experiment, pellets of the samples were loaded into the in-situ cell
and heated in vacuum to 773K and the data were recorded during the heating process
to evaluate any structural changes in the samples during the removal of adsorbed
water. A typical scan time of about 20 minutes per scan was used. The XANES data
were recorded in the fluorescence mode using a Bruker detector. Ti(OSiPhs)s and ETS-
10 were used as standards in the XANES experiment to evaluate the coordination
environment of the titanium centres in the samples following the procedure detailed
elsewhere [34].

FTIR analysis was conducted using a Bruker Alpha FTIR spectrometer. An
average of 16 scans was accumulated for every sample. Morphological characteristics
of the samples were obtained using a JOEL field emission-Scanning electron
microscope (JSM-6301F) operated at an accelerated voltage of 5kV. Prior to imaging, a
finely-ground powder of each sample was sprinkled on the SEM stub and coated with
Au using a sputter coater, which was done to enable charge dissipation through the
samples.

Elemental analysis was conducted on a Hitachi tabletop microscope
TM3030Plus. Powder of each sample was firmly pressed on one side a double-sided
carbon tape to achieve a smooth surface. The other side of the carbon tape was affixed

to the sample stub.



2.4 Catalytic Testing

The catalytic activity of the calcined samples was evaluated for alkene
epoxidation. Cyclohexene was chosen as the model feed and the reaction was
conducted in a 50 mL round bottom flask fitted with a reflux condenser. Typically, 6
mmol of cyclohexene, 6 mmol of H,0; (30 wt% in H,0), 10 mL acetonitrile (solvent)
and 0.5 mL mesitylene (used as internal standard) were charged into the reactor. The
reaction mixture was thoroughly stirred at room temperature before 100 mg of the
catalyst was charged into the reaction vessel. The set-up was heated in an oil bath
maintained at 333K and the reaction was carried out for 6 hours under vigorous
magnetic stirring. The products of the reaction were analysed using a gas
chromatograph (Perkin ElImer Clarus 500) equipped with flame ionization detector

(FID) and an Elite-1 capillary column with dimensions of 30m*0.32mm*3um.

3 Results and Discussions

We investigated TS-1 samples prepared by three different methods: (a) TS-1
produced by conventional methods, (b) TS-1 produced by using fully dried gel and (c)
TS-1 from partially dried gel. The reason being that, it is our aim to evaluate the
consequence of drying the gel on the phase purity, porosity, hydrophilic/hydrophobic
character of the material and more importantly the incorporation of titanium in the
framework. Here, we discuss first the characterisation of the samples by a variety of

techniques, followed by the results of the catalytic testing.



3.1 Characterisations

3.1.1 Structural Analysis of the Samples

The powder diffraction patterns of all the synthesized samples were compared
to that of a reference TS-1 sample synthesized without chitosan. The diffraction
pattern of the samples synthesised with chitosan using both techniques match well
with that of the reference sample (see figure 1). There were no extra peaks detected in
the diffraction patterns, which clearly shows that the presence of chitosan in the
synthesis gels had no inhibiting effect on the formation of a good crystalline, phase

pure TS-1 samples with the MFI structure.
3.1.2 Morphological Characterisation

The scanning electron micrographs of these samples are presented in figure 2.
The images show surface roughness at varying degrees with increasing concentrations
of chitosan in the synthesis medium. This roughness can be taken as an indication of
extra porosity in the zeolite samples as previously reported by several authors [17, 35-
39]. As found for carbon templated zeolites, the zeolites nucleate and grow around the
chitosan template [40, 41] and upon calcination, the voids left by the chitosan particles
may be responsible for the surface roughness. The TS-1 particle sizes were also
estimated from the SEM micrographs and were observed to reduce in size as the
chitosan content in the synthesis gel was increased. On taking an average of 30
measured particles, the sizes decreased from 250 nm for the reference sample to 150
nm for the samples synthesised with 10% chitosan. In addition, the samples

synthesised with chitosan through the FD method show a very uniformly distributed



particle size, which can be attributed to the principle of “the confined space growth”

previously reported with carbon templated growth of ZSM-5 [40, 41].
3.1.3 Spectroscopic Analysis

The FTIR spectra presented in figure 3 show the characteristic MFI absorption
bands — at 450, 550, 801, 1100 and 1220 cm, which can be ascribed to the bend,
symmetry and asymmetry stretch of Si-O bond [12] — for all the samples. In addition to
these characteristic MFI absorption bands, a strong absorption band at 960 cm™, which
is characteristic of the Si-O-Ti stretching vibration [42] in the titanium containing
samples can be observed. The presence and strength of this peak are the first
indications of the existence of the titanium atoms in the tetrahedral framework
position, particularly when compared to the spectra of the pure silicate material, which
is devoid of this band.

The presence of Raman bands at 960 and 1125 cm™ is generally accepted as
evidence of the presence of the titanium species in tetrahedral coordination [43-46].
As shown in figure 4, all the samples — with and without chitosan in the starting
synthesis gel — clearly display strong peaks at both 960 and 1125 cm. This observation
further demonstrates that chitosan in the synthesis precursor plays no inhibiting role
in the insertion of the titanium in the TS-1 framework and in the tetrahedral state.

Ti K-edge XAS measurements, performed on all the synthesized samples further
corroborate the above findings. The pre-edge features of the synthesized samples
were compared with those of two model compounds containing titanium in known
coordination states — tetrahedral and octahedral — as shown in figure 5. All the

samples synthesized with and without chitosan show pre-edge peak features similar to

10



that of the model compound Ti(OSiPhs3)s, whose titanium atoms are present in
tetrahedral coordination [47]; the other model system, ETS-10 has its titanium atoms
in six coordinated state [34, 48] and display lower pre-edge intensity. The presence of
chitosan in the synthesis precursor, however, exerts some influence on the pre-edge
intensity of the samples. For example, and as presented in table 1, the samples
synthesised with chitosan display slightly lesser pre-edge intensity compared to those
synthesised in the absence of chitosan. In addition, the degree of loss of the pre-edge
intensity was proportional to the amount of chitosan in the starting synthesis
precursor. Consequently, the samples with 10% chitosan showed the lowest pre-edge
peak intensity.

Nonetheless, the position of the pre-edge of the synthesised samples remained
close to that of the model compound, Ti(OSiPhs)4 in which titanium ions are in
tetrahedral coordination [47], implying that the titanium in the synthesised zeolites are
largely present in the tetrahedral state.

From table 1, it is clear that the pre-edge intensities of the hydrated samples
obtained through the PD method are higher than those obtained via the FD procedure.
Such observation may be attributed to different factors. First, it is known that titanium
K-edge pre-edge peak intensity is inversely proportional to the coordination state of
the titanium in the framework [2], hence, the reduced pre-edge intensity observed for
the FD samples — and for all samples synthesised with chitosan — could imply that
some higher coordinated titanium species such anatase and rutile are present in these
samples, which would possibly imply that the FD samples have lesser titanium atoms in

the framework position compared to the PD samples. Coordination expansion around
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some of the titanium sites in the FD samples through interaction with water molecules
[34, 48, 49] is another likely reason for the lower pre-edge intensities observed for
these sets of sample.

To probe the first possibility i.e the presence of non-framework titanium
species, these samples were investigated further using UV-Vis spectroscopy, which is
known to be effective for the detection of TiO; [45, 50-53]. The result of this analysis
(figure 6) shows evidence of some extra-framework titanium species in the FD samples
(particularly the sample synthesised with 10% chitosan) as shown from the tailing of
the absorption bands up to 350 nm, which is not observed in the samples from the PD
method. This observation implies that the lower pre-edge peak intensity displayed by
these samples could be due to the presence of TiO; species. Since the pre-edge peak
intensity of the PD samples is higher than those of the FD (table 1), — even for the
reference samples — it may be postulated that the TiO; species originated from the
synthesis procedure rather than from the presence of chitosan in the synthesis
medium. Therefore, it may be concluded that the PD technique is more efficient in
incorporating the titanium into the zeolite framework compared to the FD technique.

To ascertain the possible role of water coordination — hydrophilic sites
associated with titanium centres —in the observed decrease in pre-edge intensity
when chitosan was used as a macro-templating agent, in situ XAS analysis was
conducted by dehydrating the catalysts in vacuo. The comparison of the pre-edge peak
intensity of each sample before and after dehydration in vacuo — given in figure 7 and
8 and table 1 suggests that the samples synthesised in the presence of high chitosan

concentration are less hydrophobic as the pre-edge peak intensity increased by a
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higher factor more than the reference samples (TS-1 synthesised without chitosan)
after dehydration, thereby strongly suggesting that the water molecules are
coordinating with tetrahedral titanium sites.

The titanium concentration, estimated using EDS technique in each samples is
presented in table 2. It can be seen that the atomic composition of the samples
prepared through the PD method is very consistent throughout the series compared to
slight variations observed in the titanium composition of the samples prepared by the
FD technique. The variation in the titanium composition of the FD samples might be

due to the extended thermal treatment to which the samples were subjected.
3.1.4 Textural Properties

Figure 9 gives the adsorption isotherms and pore size distribution of the
samples. The chitosan templated samples exhibit a mixture of type I/Il isotherms
indicating the presence of micropores and mesopores which extend into the
macropore region. This is affirmed by the pore size distribution (see fig. 9) calculated
from the desorption branch of the isotherms using the density function theory (DFT)
model. All the samples display a type H-3 hysteresis loop, which is typical of non-rigid
aggregated plate-like particles, which are characterised by a randomly distributed slit-
like pore geometry that may consist of macropore [54]. The predominantly
microporous nature of the reference sample prepared through the FD method can be
seen from its isotherm as it shows minimal hysteresis in the high relative pressure
range and as confirmed by the pore size distribution, possess no mesopore. This
implies that the mesopores in the templated samples arise from the chitosan template

rather than the synthesis technique.
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All the samples prepared from the PD method — including the sample prepared
without chitosan — display hysteresis loop, which implies that the PD technique plays
some role in the creation of extra-pores on the samples. However, there is a marked
difference in the pore size distribution of the samples prepared with and without
chitosan using this method. The samples prepared with chitosan showed the main
peak at about 300 A while the sample prepared without chitosan has its pore below
this value, which shows the overriding/directing role of the chitosan over the method
in mesopore creation. The different role of the method and the chitosan in inducing
extrapore on the zeolite when the PD method is used can also be seen from table 3,
where the mesopore area from the samples prepared with chitosan has higher
contributions to the total surface area of their respective samples compared to the

sample prepared without using chitosan.
3.1.5 Catalysis

The influence of the amount of chitosan present in the synthesis gel on the
catalytic activity of the zeolite prepared from both methods was studied by the
catalytic epoxidation of cyclohexene. As shown in figure 10, the conversion of
cyclohexene increased with the amount of chitosan used during the catalyst
preparation, which implies that pores that are larger than the intrinsic micropore of
the original TS-1, which may be enhancing the accessibility of the substrate to the
active sites have been successfully incorporated. The incorporation of mesoporosity
and possibly macropores in the catalysts is supported by the adsorption isotherms and

pore distribution given in figure 9.
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Although, the inclusion of chitosan in the zeolite synthesis precursor assisted
the formation of secondary pores on the zeolite structure, culminating in increase
cyclohexene conversion, analysis of the reaction products shows a reduction in the
selectivity towards cyclohexene epoxide. The products distribution follows the same
pattern for the catalysts prepared from both the FD and PD techniques. Namely, the
cyclohexene selectivity decreases with the amount of chitosan in the catalyst synthesis
precursor. The decreased epoxide selectivity was accompanied by an increase in
selectivity of cyclohexane diol, which is a product of hydrolysis of cyclohexene epoxide.
TS-1 is typically hydrophobic, which makes it ideal in an aqueous medium of hydrogen
peroxide [55], but the application of chitosan in the synthesis procedures seems to
have reduced this hydrophobicity, hence, the increase in the diol selectivity. However,
it is clear from both figure 11 and 12 that the catalysts prepared through the PD
technique show less loss of epoxide, which implies that the loss of hydrophobicity
might have originated primarily from the adopted synthesis procedure rather than the
presence of chitosan in the precursor, which in turn may be attributed to the amount
of water present in the synthesis precursor in both methods.

Typically, the epoxidation of cyclohexene could proceed via three different
pathways, which include the catalytic transformation of the cyclohexene to the
epoxide, the secondary hydration of the epoxide to diol and the non-catalytic/radical
oxidation to 2-cyclohexen-1-one and 2-cyclohexen-1-0l[56-58]. Although, both 2-
cyclohexen-1-one and 2-cyclohexen-1-ol were detected during this study, the amount
of 2-cyclohexen-1-ol formed was well below the quantifiable level while the 2-

cyclohexen-1-one formed over each catalyst is as report in figures 11 and 12.
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4 Conclusions

The potential application of chitosan as a cost effective non-toxic alternative to
carbon black and other carbon-based materials in the synthesis of hierarchical zeolites
was successfully demonstrated. Titanium K-edge XANES analysis revealed that the
titanium atoms in the TS-1 mainly exist in the tetrahedral state. The PD technique
appears to enhance the incorporation of titanium in the framework compared to the
FD technique. The catalytic activity of the synthesized samples was demonstrated in
the epoxidation of cyclohexene using H,0; as the oxidant. Whilst higher conversion of
cyclohexene was achieved over chitosan templated zeolites compared to the parent
samples, the selectivity towards epoxide was significantly affected. The reduced
selectivity to the epoxide product was attributed to the presence of extra-framework
titanium species and the reduce hydrophobicity of the samples, both of which were a
consequence of the adopted synthesis technique rather than the influence of chitosan.
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Tables

Table 1 — Comparison of the Pre-edge peak intensities of the samples obtained from in

situ Ti Kedge XANES for the samples prepared through the FD and PD techniques

Pre-edge intensity

FD PD
Hydrated Dehydrated Hydrated Dehydrated
TS-1 with 0% chitosan 0.53 0.57 0.56 0.6
TS-1 with 5% chitosan 0.48 0.6 0.52 0.57
TS-1 with 10% 0.40 0.44 0.50 0.59
chitosan
Model compound
Ti(OSiPhs)s 0.69
Model compound
ETS-10 0.14

Table 2 — Atomic titanium composition of samples measured by EDS

Ti
(Si + Ti)
FD PD
TS-1 with 0% chitosan 0.021 0.026
TS-1 with 5% chitosan 0.018 0.027
TS-1 with 10% chitosan 0.025 0.025
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Table 3: Textural properties of samples prepared from FD and PD methods

Samples Total surface Micropore area Mesopore area
FD samples area (m?%/g) (m*/g) (m?/g)
TS-1 with 0% chitosan 411 365 46
TS-1 with 5% chitosan 504 443 61
TS-1 with 10% chitosan 474 406 68
PD samples
TS-1 with 0% chitosan 490 431 59
TS-1 with 5% chitosan 405 327 78
TS-1 with10% chitosan 347 271 76
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Figure captions

Figure 1 — XRD patterns of TS-1 samples prepared without and with two different

concentrations of chitosan using the (a) FD and (b) PD techniques

Figure 2 — SEM Micrograph of TS-1 samples prepared in the absence and presence of
two different chitosan concentrations. The left panel shows samples prepared using

the FD method and the right panel are samples prepared via the PD method.

Figure 3 — FTIR spectra of the TS-1 samples prepared using FD (top) and PD (bottom)
techniques. Note that only a narrow region between 400 and 1200 cm™ is shown for

clarity. The characteristic band due to the Ti** substitution at 960 cm™ is arrowed.

Figure 4 — Typical Raman Spectra of the three different TS-1 synthesized using Chitosan
as a secondary template. The 960 cm™ and 1125 cm™ band are arrowed. (a) Samples

prepared through FD precursors and (b) using PD precursors

Figure 5 — Ti K-edge XAS of Chitosan templated TS-1 compared with two model
compounds of with known titanium coordination. (a) Samples from the FD method (b)
samples from PD method. Please note that the spectra are offset in the vertical

direction.

Figure 6 — UV-vis spectra of samples from FD (top) and PD (bottom) methods showing

the presence of extra-framework titanium in the FD samples

Figure 7 — In situ XAS spectra of samples synthesized through the FD method with (a)

0% (b) 5% and (c) 10% chitosan in the starting precursor. The spectra show an increase
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in the pre-edge intensity as the samples were dehydrated in a vacuum at 750 K. inset is

an expanded pre-edge region for clarity.

Figure 8 — In situ XAS spectra of samples synthesized through the PD method with (a)
0% (b) 5% and (c) 10% chitosan in the starting precursor. The spectra show an increase
in the pre-edge intensity as the samples were dehydrated in vacuum at 750 K. Inset is

an expanded pre-edge region for clarity

Figure 9 — Adsorption Isotherm (top) and pore size distribution (bottom) of all the
samples synthesised with and without chitosan. Samples prepared from the FD

precursor are in the left column and PD precursor is in the right column

Figure 10 — Effect of the amount of chitosan in the synthesis precursor on the catalytic
conversion of cyclohexene. Reaction conditions: temperature; 333K, reaction time; 6

hours, cyclohexene : H,03; 1:1

Figure 11 — Effect of the amount of chitosan in the synthesis precursor on product

selectivity for samples prepared through the FD methods

Figure 12 — Effect of the amount of chitosan in the synthesis precursor on product

selectivity for samples prepared through the PD methods
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