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Abstract

This paper describes the synthesis of hierarchical zeolites based on
a commercial FAU zeolite modified with chitosan. Additionally, the amount
of silicon source added (tetraethyl orthosilicate) and the type of structuring
agent used were modified during synthesis of the materials. The synthesised
materials were characterised by the following methods: X-ray diffraction,
transmission electron microscopy, scanning electron microscopy, Fourier-
transform infrarved spectroscopy, and low-temperature nitrogen adsorption/
desorption isotherms. The obtained results confirmed the achievement
of additional porosity in the synthesised materials. According to the
adsorption experiments, the hierarchical zeolite-modified chitosan had
a high adsorption capacity of 1.2 cm® g'.
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1. Introduction

Zeolites are crystalline aluminosilicates with the general formulaM_ [AlXSiyOZ(Hy)] -zH 0,
where M represents cations with charge n (+1 and/or +2), y/x =1-35, and z/x = 1 — 4. They
are classified as microporous materials with a pore size <2 nm according to the International
Union of Pure and Applied Chemistry (IUPAC) classification and are characterised,
among other things, by the presence of strong acid centres, a well-defined pore system,
and a large specific surface area. Their main disadvantage is that these materials exhibit
diffusion limitations for more branched molecules and the transport of reactants with sizes
close to the diameter of the micropores is hindered; hence, only the outer part of the zeolite
grain is involved in the catalytic reaction and its interior is catalytically inactive. These
deficiencies can be eliminated by using so-called hierarchical zeolites, characterised by
the presence of secondary porosity — that is, the presence of at least one additional pore
system, mainly in the mesopore range from 2 to 50 nm according to IUPAC classification.
Compared with classical zeolites, the use of hierarchical zeolites as catalysts for catalytic
reactions can increase the catalytic activity and decrease the susceptibility of the catalyst
to deactivation [1-3]. Additionally, compared with microporous zeolites these materials,
eliminate diffusion limitations for larger and branched particles with sizes close to the
diameter of the micropores [4]. There are several procedures to prepare hierarchical
materials including, but not limited to, the use of zeolite seeds, hard/soft templating, or
dealumination or desilication [5, 6].

Declining renewable resources and increasing environmental concerns have led
to a paradigm shift in the use of available resources. Biomass valorisation has recently
received considerable attention as an attempt to produce high-value chemicals. Interest
in using biomass-derived polymeric materials (e.g., cellulose, lignin, and chitin) to
synthesise carbon-based catalysts continues to grow. These materials are non-toxic,
biodegradable, and biocompatible [7, 8]. Chitin is a straight-chain biopolymer that is the
second most abundant polysaccharide on Earth after cellulose. It is the building block of
the exoskeleton of marine animals such as crabs, shrimp, and lobsters [9]. Despite the fact
that approximately 6-8 million tons of chitin waste are produced annually worldwide, the
potential value of chitin waste to the chemical and materials industries is largely overlooked
[10]. Chitin is a relatively underused compound due to its insolubility in common solvents
and expensive and uneconomical methods of extracting chemicals from it. These factors
limit its use in various industrial fields, although it is used in biomedicine, food technology,
and textiles [11]. Chitosan is a natural biopolymer obtained by partial N-deacetylation
of chitin. Various methods such as steam explosion, alkaline treatment, and enzymatic
deacetylation are used to deacetylate chitin [12]. Highly concentrated alkaline treatment
is the most widely used method for chitin deacetylation [13]. The characteristic properties
of chitosan are mainly due to its high content of reactive amino and hydroxyl groups. It is
used in medicine, pharmacy, biochemistry, food, cosmetics, and agriculture [14-16].

This paper presents the synthesis of hierarchical zeolites modified with chitosan and
their physicochemical characterisation. The amount of silicon source added and the type
of structuring agent were modified during optimisation of the synthesis conditions of the
above-mentioned materials. In subsequent studies, we would like to evaluate the usefulness
of these new materials for modifying the release profiles of active pharmaceutical
ingredients.
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2. Materials and Methods
2.1. Synthesis of Hierarchical Materials Modified With Chitosan

Chitosan-modified hierarchical zeolites were synthesised from a commercial faujasite
(FAU)-type zeolite. The FAU zeolite (0.50 g), ethyl alcohol (60.00 g), ammonia water
(1.25 g), structuring agent —non-ionic ones, including Brij S10 (polyethylene glycol octadecyl
ether, C,;H, (OCH,CH,) OH, n~10), and Lutrol F127 (generic name: poloxamer 407), or
an ionic one, namely cetyltrimethylammonium bromide (CTABT, Fluka) — in the amount of
0.35 g, and distilled water (100.00 g) were combined. The mixture was treated with ultrasound
at 65°C for 30 min. Then, the mixture was transferred to a magnetic stirrer with a heating
function, where the silicon source tetracthyl orthosilicate (TEOS) in the amount of 0.28,
0.56, or 1.12 g and chitosan in the amount of 0.008 g were added during continuous stirring.
The mixture was stirred for 4 h at 65°C. After the specified time, the mixture was removed
from the magnetic stirrer and placed in a dryer for 24 h at 65°C. Then, the preparations
were gravitationally filtered on a glass funnel by washing three times with a 1:1 mixture
of distilled water and ethanol. After washing, the precipitate was left to dry for 24 h. The
next step in the synthesis was the extraction of the zeolite material to remove the structuring
agent. The process was carried out in a 100:1 mixture of ethanol and hydrochloric acid (HCI)
(100 ml EtOH and 1 ml HCI). The prepared solutions were poured into glass bottles, placed on
a magnetic stirrer, and the temperature was stabilised to 60°C. After normalising the solution
temperature inside the containers, the mixture was stirred for 20 h on a magnetic stirrer.

2.2. Characteristics of the Obtained Materials
The resulting hierarchical materials were characterised using the following techniques:
— X-ray diffraction (XRD) in the low-angle range (SXRD) and the high-angle range
(WXRD);
— Fourier-transform infrared (FT-IR) spectroscopy;
— Low-temperature nitrogen adsorption/desorption;
— elemental analysis;
— transmission electron microscopy (TEM); and
— scanning electron microscopy (SEM).

2.2.1. XRD

XRD was performed using a Bruker AXS D8 Advance diffractometer with a Johannson
monochromator and a LynxEye strip detector. The CuKa radiation source generated
a wavelength of 0.154 nm in the low-angle range of 26 = 0.6-8.0° (with 0.02° accuracy)
and in the high-angle range of 20 = 6.0-60.0° (with 0.05° accuracy).

2.2.2. FTIR

Spectroscopic studies were performed using an Agilent Technologies Cary 630 FT-
IR spectrophotometer using the total reflection IR technique. All scans were made in the
range of 4000-650 cm™! with a resolution of 8 cm™.

2.2.3. Low-Temperature Isotherms of Nitrogen Adsorption/Desorption

Measurements were made using a Quantachrome Autosorb iQ instrument. Before
performing the actual measurement, the tested samples were degassed under a vacuum
at 110°C for 24 h. Isotherms were obtained at ca. -196°C. The Brunauer-Emmet-Teller
(BET) specific surface area was determined by using the BET method. The pore volume
was determined by using a modification of the Barrett-Joyner-Halenda (BJH) algorithm,
the KJS-BJH method, while the external and mesoporous surface areas were determined
by using the t-plot method.
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2.2.4. Elemental Analysis

The elemental composition of the synthesised catalysts was determined by using the
Elementar Analyser Vario EL III instrument. The method of measurement was based on
catalytic combustion of a sample weight at 1200°C and analysis of the composition of
gaseous products of combustion based on differences in their thermal conductivity.

2.2.5. TEM
Transmission electron micrographs were obtained using a JEOL-2000 microscope
with an accelerating voltage of 80 kV.

2.2.6. SEM

Scanning electron micrographs were obtained using a Zeiss EVO type microscope.
The analysed samples were bombarded with an electron beam of 17 kV energy. The
resulting materials are named FAU x CHIT y, where FAU refers to the type of zeolite, x
refers to the type of template (BRIJ, LUTROL, or CTABr), CHIT refers to chitosan, and
y is the amount of TEOS.

3. Results and Discussion

The diffractogram for the commercial FAU-type zeolite is presented in Figure 1A,
while the low-angle diffractograms for the chitosan-modified hierarchical materials are
shown in Figure 1B-D. A characteristic clear reflection at 20 of ~2.5° indicates that an
additional mesoporous structure in the materials prepared based on the ionic structuring
agent. In the case of catalysts obtained with non-ionic structuring agents, the intensity of
this reflex is insignificant.

On the other hand, wide-angle diffractograms of the synthesised materials (Figure 2B-D)
confirm preservation of the crystalline structure of the commercial zeolite (Figure 2A).
Additionally, there are no reflections characteristics of chitosan (20 = 11.8° and 19.9°),
corresponding to an amorphous chitosan structure due to the presence of signals from the
FAU zeolite [17]. However, there is a slight increase in these signals when compared with
the parent FAU diffractogram, suggesting that chitosan was intercalated into the surface
of the hierarchical zeolite.
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Figure 1. Low-angle X-ray diffraction patterns of prepared materials: commercial zeolite
(A), FAU_BRIJ_CHIT (B), FAU LUTROL_CHIT (C), and FAU_CTABr_CHIT (D).
The diffractograms shifted by a constant value of 10000 contract units relative to the
preceding diffractogram.
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Figure 2. Wide-angle X-ray diffraction patterns of prepared materials: commercial zeolite
CHIT (B), FAU LUTROL_CHIT (C), and AU_CTABr CHIT (D).

(A), FAU BRIJ
The diffractograms shifted by a constant value of 4500 contract units relative to the

preceding diffractogram.
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The efficiency of removing the surfactant from the pores of synthesised materials using an
extraction process was evaluated. A commonly available technique used to verify surfactant
removal from material pores is FT-IR spectroscopy. The bands in the spectrum of the
hierarchical zeolites (Figure 3) that occur at ~2902, ~2857, and ~2863 cm’!, can be attributed
to the stretching vibrations of the -CH, and -CH, groups, originating from the surfactant. In
contrast, the bands at ~1465-1440 cm™! can be attributed to the asymmetric vibrations of the
-CH, groups and the bands at 1410-1350 cm™ and 1390-1370 cm correspond to the bending
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Figure 3. Fourier-transform infrared spectra of the synthesised materials: FAU BRIJ
CHIT (A), FAU_LUTROL_CHIT (B), and FAU_CTABr_CHIT (C).
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and symmetric vibrations of the -CH, group, respectively [18]. Only FAU_CTABr_
CHIT 1.12 g TEOS shows these bands (Figure 3C). In the other materials, the structuring
agent was removed efficiently. The band at about 1100 cm™ indicates asymmetric
stretching vibrations of Si-O-Si and that at about 800 cm™ indicates symmetric stretching
of the Si-O-Si bond. The bands at 960 cm™! are attributed to the presence of silanol groups
(Si-OH) [19].

Nitrogen adsorption/desorption isotherms for the synthesised materials are shown in
Figure 4. The commercial FAU-type zeolite has a type I isotherm according to the [UPAC
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Figure 4. Isotherms of nitrogen adsorption/desorption for the materials based on
the commercial FAU zeolite: FAU BRIJ CHIT (A), FAU LUTROL CHIT (B),
and FAU CTABr CHIT (C).
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classification, which is characteristic of microporous materials [20]. The other materials
have a mixture of type I and IVa isotherms. Type IVa is characteristic of mesoporous
materials. These results confirm the acquisition of additional secondary porosity in the
synthesised materials. Moreover, depending on the type of structuring agent used and the
amount of silicon source added during the synthesis, there is a slightly different increase
in the total amount of adsorbed nitrogen, which may indicate an increase in textural
properties. For materials modified in the high relative pressure region, there is a rapid
increase in adsorbed nitrogen, indicating the formation of secondary porosity, called
textural porosity [21, 22].

Textural properties for hierarchical materials based on commercial FAU-type zeolite
are shown in Table 1.

Table 1. Porous structure parameters of the synthesised hierarchical zeolites.

Surface area Average
[mYg] Pore pore
Materials volume, size
Suer Snikro | Sext BJ3H [nm]

t-plot | t-plot | [cm’/g] >2 nm

FAU Commercial 720 690 30 0.05 Absent
FAU BRIJ_CHIT 0.28g TEOS 590 400 190 0.35 2.81
FAU BRIJ_CHIT 0.56g TEOS 540 390 150 0.48 2.97
FAU BRIJ CHIT 1.12g TEOS 440 360 80 1.20 2.92
FAU LUTROL CHIT 0.28g TEOS | 610 450 150 0.38 3.31
FAU LUTROL CHIT 0.56g TEOS | 800 620 180 0.405 2.91
FAU LUTROL CHIT 1.12g TEOS | 560 440 130 0.26 2.98
FAU CTABr CHIT 0.28g TEOS 530 350 180 0.33 3.71
FAU CTABr CHIT 0.56g TEOS 920 800 120 0.65 3.14
FAU CTABr CHIT 1.12g TEOS 890 780 110 0.17 2.97

The specific surface area of the obtained materials was determined using the BET method.
The specific surface area of S, compared with the commercial FAU-type zeolite increases
only in the case of materials prepared with CTABTr as a structuring agent and with addition
of 0.56 or 1.12g of TEOS. In other cases, the surface area decreases, which may be due to
pore blocking by the modifying agent (chitosan) [23, 24]. The pore volume distribution
function was calculated using the BJH algorithm. All materials except commercial zeolite
type FAU have a uniform pore size distribution in the mesopore range (Table 1). The outer
and microporous surface areas were determined using the t-plot method. Compared with the
commercial FAU-type zeolite, there was a significant increase in the microporous surface
area and a concomitant decrease in the outer surface area of the synthesised materials. Based
on the analysis of all the obtained results, the optimum parameters are obtained for the
samples synthesised using CTABr as the structuring agent and 0.56 g of TEOS.

Elemental analysis (Table 2) was performed to quantify organic molecules on the
surface of chitosan-modified hierarchical zeolites (for samples synthesised under optimal
synthesis conditions, i.e., using CTABr and 0.56 g of TEOS). The modified materials
(containing chitosan) showed higher concentrations of H and C compared with the
commercial FAU-type zeolite. This confirms the presence of anchored functionalised
groups on the surfaces of these materials. The FAU CTABr CHIT _0.56g TEOS sample
contains 13 times more nitrogen than the commercial material.
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Usually, Si-O-T in the zeolite molecular sieve and the hydroxyl group (O-H) in the
chitosan are connected by hydrogen bonds. Therefore, O plays a major role in the connection
of chitosan and zeolite molecular sieves. Such hydrogen bonding/electrostatic bonding is
responsible for active substance adsorption/desorption [25]. Thus, FAU CTABr CHIT is
expected to be a good support for the active phase of the drugs or removal of cations from
water [26].

Table 2. Elemental analysis of the commercial FAU-type zeolite and the synthesised
hierarchical materials.

Materials % N % C % H % S

FAU commercial 0.12 0.74 0.35 0.07

FAU BRIJ CHIT 0.56g TEOS 0.19 2.88 2.71 0.00
FAU LUTROL CHIT 0.56g TEOS 1.61 2.69 3.87 0.00
FAU CTABr CHIT 0.56g TEOS 1.68 2.19 4.13 0.00

Transmission electron micrographs of the chitosan-modified materials (Figure 5A)
suggest the presence of chitosan particles on their surface. In contrast, Figure 5B shows
scanning electron micrographs. Based on the SEM analysis, there are no changes in
the morphology of the obtained materials compared with the commercial material. It is
well known that the surface of chitosan presents a sheet structure and appears patchy in
sections [27]. Thus, the surface of the synthesised hierarchical zeolite comprises particles
with regular morphology and a uniform size, which conforms to the morphology of the
zeolite and not chitosan.

TEM SEM

FAU _CTABr CHIT 0.56g TEOS  FAU_CTABr CHIT 0.56g TEOS

Figure 5. Transmission and electron micrographs of FAU CTABr CHIT 0.56g TEOS.

4. Conclusions

Chitosan-modified hierarchical materials have been successfully synthesised under
different conditions, as confirmed by the results of physicochemical analyses. Based on
these results, it was found that:

1. the synthesised materials had additional secondary porosity (in the mesoporous
range), as confirmed by XRD (presence of reflections at 20 ~1.5-2.5°) and low-
temperature nitrogen adsorption/desorption isotherms (mixture of type I and IV
isotherms);
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2. the structure of the commercial FAU-type zeolite was preserved during most of the
synthetic steps (high-angle diffractograms);

3. the obtained hierarchical materials had a high specific surface area, 440-920 m?/g,
and a homogeneous pore size distribution, with the average pore size varying from
2.8t0 3.7 nm.

Moreover, based on the analysis of all the obtained results, the optimal structure and
texture parameters were obtained for the samples synthesised using CTABTr as a structuring
agent and 0.56 g of TEOS. The present work provides basic information that should be
useful for future research on new mesoporous hierarchical zeolites used as potential
carriers of active substances or the removal of pollutants from water.
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