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ABSTRACT
Mesoporous silica materials containing microporous cavities provided by
covalently bound β-cyclodextrin (CD ICS) were synthesized by co-condensation
of a β-CD functionalized triethoxy silane (CD ICL) with tetraethyl orthosilicate
(TEOS) by using neutral amine surfactants as structure directing agents (SDA).
CD ICL was prepared by reacting β-CD with 3-isocyanatopropyltriethoxysilane.
IR spectroscopy of CD ICL showed complete disappearance of isocyanato group
at 2270 cm-1.

1

H NMR results indicate an average of four isocyanate linkers

covalently attached to random hydroxyl substituents of each molecule of β-CD.

Nine different CD ICS materials were synthesized using dodecylamine,
tetradecylamine or hexadecylamine with β-CD (2, 4, and 6 mol %) with respect
to TEOS. The incorporation of β-CD within the mesoporous framework was
supported by IR, Raman, MALDI TOF MS, solid state 13C NMR CP-MAS and
TGA results. Small angle X-ray diffraction results showed a peak at 2θ ≈ 2.20,
supporting the presence of an ordered silica mesostructure framework. For
materials with same CD loading, the surface area and pore volume doubled as
the surfactant from dodecylamine to hexadecylamine. However, as the CD
loading increased from 2% to 6%, the surface area decreases by a factor of ~ 1.5.
MALDI TOF mass spectrometry showed two peaks at m/z 1157 a.m.u. and 1173
a.m.u. for [β-CD + Na]+ and [β-CD + K]+ respectively due to desorption of β-CD
from the walls of the silica matrix. The

13

C NMR CP MAS results showed

13

C

signals in the region δ=60-110 ppm due to the nuclei of β-CD. CD ICS materials

ii

were found to be effective as a sorbent in both gas and aqueous phases,
respectively. The sorption capacity (mmol/g) of p-nitrophenol increased from
61% to 84% with an increase of CD loading from 2% to 6% and as the alkyl
chain length of the SDA increases from dodecylamine to hexadecylamine. The
adsorption isotherm of CH3Cl in the gas phase and that of p-nitrophenol in the
aqueous phase at ambient temperature adopts a multilayer model of adsorption.
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CHAPTER 1
INTRODUCTION
1.1 Mesoporous silica
1.1.1 Porous materials
Porous materials are widely used as adsorbents, catalysts, and catalyst supports
due to their large surface area and pore volume characteristics. According to
IUPAC, porous materials are classified into three types1 namely: i) Microporous,
with pore width below 2.0 nm, ii) Macroporous, with pore widths exceeding
50.0 nm, and iii) Mesoporous, with intermediate pore width between 2.0 and
50.0 nm. Microporous crystalline aluminosilicate materials, called zeolites, have
uniform pores in the range of 0.5-2.0 nm and have well defined crystallographic
sites, which enables them to be used as molecular sieves and catalyst, for
example, cracking of crude-oil in the petroleum industry.2 The general
application of zeolites is limited due to their small pore size distribution.
Consequently, a lot of effort was directed at the synthesis of “zeolite-like”
materials with pores greater than 2 nm with a well defined and an ordered pore
structure.
Table 1.1: Pore size regimes and representative porous inorganic materials3
Pore size regime

Size Domain

Examples

Actual size range

Macroporous
Mesoporous

>50 nm
2-50 nm

glasses
Aerogels
M41S

> 50 nm
>10 nm
1.6-10 nm

Microporous

<2 nm

Zeolites
Activated Carbon

<1.4 nm
0.6 nm

1

1.1.2 Periodic mesoporous silica
In 1992 Beck et al.4 first reported the synthesis of a new family of ordered
mesoporous molecular sieves designated as M-41-S. One member of the family,
MCM-41, exhibited a hexagonal arrangement of uniform mesopore whose pore
dimension was engineered in the range of 15Å to greater than 100 Å. Through
the self-assembly of surfactant micelles and a silica precursor, tetraethyl
orthosilicate (TEOS), an ordered nanocomposite forms, in which silica replicates
the shape of the phase of the cylindrical organic micelles. Removal of the
surfactant template from the nanocomposite gives the periodic mesoporous
silica, as outlined in scheme 1.15

Self assembly of surfactant

Silica Source (TEOS)
Surfactant
Condensation of
Silica Source

Removal
of Surfactant

Scheme 1.1: Synthetic scheme for periodic mesoporous silica5

2

1.1.3 Organic functionalization of silica
Organically modified silica (ORMOSIL), where an organic group is
incorporated within the network of a glass was reported by Schimdt et al.6 in
1985. Mechanical and physical properties of ORMOSIL differ from traditional
glasses and ceramics. Since the discovery of MCM-41 in 1992, considerable
effort was directed toward new methods to incorporate organic functionalities in
these ordered mesoporous materials. Organically functionalized silica is of great
interest in environmental remediation and chromatographic separations due to its
high surface area. The incorporation of organic functionalities in silica allows
changes in the surface properties, modification of the hydrophilic/hydrophobic
balance of the silica surface, introduction of binding affinity towards an
adsorbate molecule, modification of surface reactivity and bulk properties of the
material, and stabilization of the material toward hydrolysis. There are three
general ways to functionalize organic groups in ordered mesoporous silica,
which are as follows:
1. Post synthetic grafting
2. Direct incorporation, or one-pot method, by co-condensation of TEOS with a
terminal organosiloxane, RSi(OEt)3, where R = organic functional group.
3. Periodic Mesoporous Organosilica: Co-polymerization of a bridged
silsequioxane, (RO)3Si-B-Si(OR)3 either with or without TEOS, where B =
organic bridging group.

3

Post synthetic grafting and direct incorporation
Introduction of an organic functionality can be achieved either by postsynthetic
grafting of organic groups onto the channel walls by reacting them with pendant
silanol groups of the original silica matrix or by co-condensation TEOS with a
terminal organosiloxane of the type RSi(OEt)3.7,8 Each of the respective methods
has advantages and disadvantages, as outlined below:
Advantages7, 8
1) The co-condensation method gives a uniform surface coverage with an
organic group.
2) The post-synthetic grafting method gives a structurally well-defined material
than the co-condensation method. Furthermore, pore size control is easier for
post synthetic grafting process since organic functionalization takes place in preformed silica matrix with well defined pore structure characteristics.
Disadvantages5
1) Since the organosiloxane co-assembles with TEOS to obtain a stable periodic
mesostructure, the co-condensation method limits the organic content of the
material to ~ 25% with respect to the silicon wall sites.
2) Both methods may lead to a non-uniform distribution of the organic
functionality within the pores. In the post-synthesis grafting method, organic
loading is limited by the number of reactive surface silanol groups present and
by diffusion limitations.7 On the other hand, the co-condensation method
involves self-condensation of the terminal organosiloxane and may lead to an
inhomogeneous distribution of organic functionality on the silica surface.
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Periodic Mesoporous Organosilica 9-11
Polymerization of bridged silsequioxane monomers, (RO)3Si-B-Si(OR)3, or
copolymerization of TEOS with bridged silsequioxane monomers in the
presence of a surfactant template produces MCM-41 related materials where the
organic functionality becomes an integral part of the channel walls. Removal of
the surfactant creates the periodic mesoporous organosilica (PMO). The organics
in these copolymers do not block the channels.
Si

Si
Si

Si

Si

Si

Si

Si

Si
S
Si

Fe
Si

Si

Figure 1.1: Structures of some typical organic bridging groups that were
incorporated into first periodic mesoporous organosilica materials5
PMO has both advantages and disadvantages, which are as follows:
Advantages
1) Higher organic loading is possible.
2) Since the final periodic mesoporous organosilica contains entirely O3Si-RSiO3 building blocks, pore blockage can be prevented.
3) A variety of organic bridging groups can be successfully incorporated by this
method. A recent review5 by Geoffrey A. Ozin on periodic mesoporous silica
discusses a variety of bridging groups employed using this synthetic
methodology.
5

Disadvantages
1) If a bridged silsequioxane monomer, (RO)3Si-B-Si(OR)3, does not selfassemble then the loading of the desired organic functionality decreases. If the
bridged monomer does not self-assemble, it must be co-assembled with TEOS or
bis(triethoxysilyl)ethane to provide an ordered porous material.
2)

Co-condensation

of

a

bridged

monomer

with

TEOS

or

bis(triethoxysilyl)ethane, is often accompanied by phase separation. The result
is, a well-ordered but nonfunctional inorganic silica phase, in addition to a
functional disordered organosilica phase.
3) If the guest molecule is large, it cannot access the organic functionality
because of potential pore blockage. Relatively small metal cations may access
the organic groups within the walls of the pore, however, as the size of the guest
molecule increases the functional groups becomes relatively inaccessible.
1.2 Cyclodextrin functionalized silica materials
1.2.1 Cyclodextrins
Cyclodextrins are a family of cyclic oligosaccharides composed of six to twelve
D-glucopyranose units connected by α-(1, 4) linkages. The most widely studied
cyclodextrins are those composed of six-, seven- and eight-glucopyranose units
denoted by α-CD, β-CD, and γ-CD, respectively. They are produced by
intramolecular transglycosylation reaction during the degradation of starch by
cyclodextrin glucosyl transferase (CGTase) enzyme.12
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Discovery of cyclodextrins
Villiers13 isolated about 3 g of a crystalline cyclodextrin as degradation
byproduct of starch in 1891 and determined its empirical composition to be
(C6H10O5)7.3H2O. The preparation and properties of these cyclodextrins were
described by Schardinger in 1911.12 Between 1942 and 1948 the structures of α-,
β- and γ-cyclodextrin were elucidated by X-ray crystallography.14
Molecular structure of cyclodextrins
The average conformational structure of a cyclodextrin is that of a truncated
cone, with the primary hydroxyl groups (C6) situated at the narrow rim and the
secondary groups (C2 and C3) at the wide one. The apolar C-H bonds at positions
C3 and C5 and the ether-like oxygen at the glycosidic bonds are at the interior of
the CD torus. The exterior rim of the torus is polar in nature because of the
numerous hydroxyl groups at the periphery of the annulus, while the cavity is
considered to be apolar, (see Figure 1.2).14
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Figure 1.2: Molecular structure of β-cyclodextrin and its schematic toroidal
three-dimensional shape. The numbering scheme of each glucose atom is
included.
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Properties of cyclodextrins
Table 1.2 below lists some of the physical and chemical properties of α-CD, βCD and γ-cyclodextrin.15
Table 1.2: Physical Properties of α-CD, β-CD and γ-cyclodextrin.15
CD Glucose
M.W.
units (anhydrous)

α-CD
6
972
β-CD
7
1135
γ-CD
8
1297
V = Volume of the CD cavity

V
(in Å3)

Water
solubility
at 25 0C
(g/100 mL)

pKa
at 25
0
C

Hydrate
composition
(w/w %)

174
262
427

14.5
1.85
23.2

12.33
12.20
12.08

10.2
13.2-14.5
8.13-17.7

Formation of inclusion complex by cyclodextrin
Since the cavity of a cyclodextrin molecule is apolar, it provides a
microenvironment into which appropriately sized non-polar moieties can enter to
form inclusion complexes.16 Figure 1.3 schematically depicts the formation of an
inclusion complex between β-cyclodextrin and p-nitrophenol (pNP).
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H
O
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H
O

O

H
O

Ki
NO2

Figure 1.3: A schematic illustration of formation of inclusion complex between
a β-cyclodextrin and p-nitrophenol (pNP) in aqueous solution16 (Note: Solvent
has been omitted for clarity purposes) where Ki is the equilibrium binding
constant and the dashed line represents a hydrogen bond.
During the inclusion process, the nonpolar portion of the guest makes maximum
contact with the apolar cavity while its polar region interacts with the
hydrophilic surface of the cyclodextrin molecule.15
The formation of an inclusion complex between a cyclodextrin and a guest
molecule is mediated by several contributing factors, as follows:
a) Hydrophobic effects,17 induce the nonpolar groups of guest molecules to enter
into the nonpolar CD cavity for an inclusion process in aqueous solution.
b) van der Waals interactions involve the interaction between permanent and
induced dipoles and London dispersion forces.
c) Hydrogen bonding between the guest molecule and the hydroxyl groups of
the cyclodextrin molecule. With an increase of the polarity of the guest
molecule, the contribution from hydrogen bonding increases.
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d) Steric factors also influence the inclusion process. The stability of the
inclusion complex depends on the shape and size of the guest molecule.
e) Solvent effects involve the release of enthalpy-rich hydrophilic water
molecules from the lipophilic cavity of cyclodextrin. Lipophilic guest molecules
present in solution displace the hydrophilic water molecules to achieve an
optimal apolar-apolar association and a decrease of the cyclodextrin ring strain
resulting (applicable for α- and γ-cyclodextrin only) to a more stable lower
energy state.
The binding of the guest molecule within the cavity of cyclodextrin is not a
static process, but rather, is a dynamic equilibrium. In solution, the complex
formation between the cyclodextrin (CD) host molecule and the guest (G)
molecule can be represented by following equilibrium expression.16
CD + G

Ki =

kf
kr

=

kf

CD G

kr
[CD G]
[CD ]

where i = 1:1

............ (1.1)

............ (1.2)

[G]

where, the equilibrium constant Ki depends on kf and kr which are forward and
reverse rate constants, respectively. The higher the value of equilibrium constant
the more stable is the cyclodextrin inclusion complex.
Bertrand et al.18 estimated the equilibrium constants using isothermal titration
calorimetry and the standard enthalpies for the formation of the complexes of αcyclodextrin and β-cyclodextrin with substituted phenols in aqueous solutions at
298.15K. The complex formation of a substituted phenol with α-cyclodextrin is
more exothermic than that observed for β-cyclodextrin (see Table 1.3).
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Table 1.3: Thermodynamic parameters for complexes of p-substituted phenols
with β-cyclodextrin at 298.15K (Data obtained from reference 18).
Phenol

Hydroquinone
Phenol
p-chlorophenol
p-nitrophenol
p-bromophenol
p-cresol

Molar
β-cyclodextrin
Volume Equilibrium Enthalpy, Entropy, ΔS0
(mL/mol) Constant,Ki
ΔH0
(kJ/mol-K)
(L/mol)
(kJ/mol)
87.8
113 ± 5
-17.1 ± 0.5
-18 ± 2
89.4
94 ± 3
-12.2 ± 0.2
4±1
102.2
410 ± 60
-11.9 ± 0.4
10 ± 2
102.7
260 ± 30
-13.4 ± 0.6
1±2
105.5
860 ± 160
-12.2 ± 0.3
15 ± 2
106.9
250 ± 10
-12.5 ± 0.2
4±1

Applications of cyclodextrins
The ability of cyclodextrin molecules to form inclusion complexes results in
changes to the physiochemical properties of the guest molecule such as: i)
changes in the apparent solubility, ii) increases in the stability of the guest in the
presence of heat, light, and oxidizing conditions, and iii) decreases in the
volatility of the guest compound. Due to these properties, cyclodextrins are
widely used in pharmaceutical, food and flavors, cosmetics, packing, textiles,
fermentation and catalysis, agriculture, environment protection, separation
process and chromatographic techniques. This is evidenced by a large number of
review articles19-30 on cyclodextrins and their applications.
A wide variety of toxic organic compounds e.g. substituted phenols,31-35 benzene
derivatives36-40

are

produced

by

different

industrial

processes

(e.g.

manufacturing industry, hospitals, forestry, agriculture). These compounds are
found in trace quantities in industrial waste water and constitute health and
environmental concerns. Since many of these compounds are not biodegradable
they persist in the environment and may create serious concerns on public health
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by contaminating the soil and groundwater supplies. To address this problem
cyclodextrin compounds may be implemented as novel sorbents by
functionalization of silica based materials with cyclodextrins. The following
discussion gives an overview of the functionalization of silica by β-cyclodextrin.
1.2.2 Functionalization of silica by cyclodextrins
Cyclodextrins are highly water soluble and can be processed into solid forms
before they can be employed in solid state separation technologies. This strategy
creates insoluble cyclodextrin host compounds and purification becomes easier
due to the ability to remove the guest impregnated cyclodextrin host compounds
simply by filtration and solid phase extraction processes.
Silica is widely used as an inorganic solid support and its surface may be used
for chemical immobilization of cyclodextrin molecules. The following properties
of silica make it suitable for use as a solid support.41
1) It has high specific surface area.
2) It has sufficient mechanistic stability (silica is an inorganic silicon-oxygen
polymer)
3) It is stable to water, chemical reagents, and radiation.
4) It does not swell in contact with solvents and results in favorable/predictable
kinetic properties of sorption.
5) It can be processed into different forms, porous or nonporous powders, films,
granules and micro spheres.
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6) The surface contains silanol groups (Si-OH group) which serve as an active
site for adsorptive processes and chemical modifications with inorganic, organic
and organsilicon compounds.
There are four main methods for preparing cyclodextrin-functionalized solid
materials. These are described in the following pages according to the type of
silica-based materials: (1) Cyclodextrin polymers, (2) Coating or grafting of
cyclodextrin onto a stationary phase, (3) Molecular imprinting of cyclodextrin
on silica gel, and (4) Incorporation of cyclodextrin within the framework of
mesoporous silica.
(1) Cyclodextrin polymers
Insoluble derivatives of cyclodextrin can be formed by the chemical reactivity of
hydroxyl groups at carbon positions 2-, 3- and 6- positions of the glucose units
within cyclodextrin (see Figure 1.2). A variety of cross linking agents can
provide water-insoluble polymers of cyclodextrin by reacting with any number
of the 21 hydroxyl groups. The first of these involve the incorporation of
cyclodextrin into polymers by connecting cyclodextrin moieties using chemical
linkers such as aldehydes, ketones, isocyanates, epichlorohydrin to the backbone
of polymer chains38, 39, 42-46 (see Figure 1.4).
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Figure 1.4: Synthesis of a copolymer containing β-cyclodextrin39
(2) Coating or grafting of cyclodextrin onto stationary phase
Cyclodextrin moieties are coated or grafted onto stationary phases such as
organic polymers47, 48 or silica gel49-56 according to the strategy outlined in
Figure 1.5.
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Figure 1.5: Grafting of -cyclodextrin on to the surface of silica gel57
(3) Molecular imprinting of cyclodextrin on silica gel
Molecular imprinting methods are based on the molecular recognition property
of a cyclodextrin host toward a specific sized guest molecule. Tomohiro
Akiyama et al.58 cross linked vinyl monomers of cyclodextrin with N, N΄methylenebisacrylamide in the presence of different template molecules
involving the multiple recognition sites of cyclodextrin. The resulting polymer
successfully recognized the template in aqueous solution (see Figure 1.6).
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Figure 1.6: Immobilization of an imprinted -cyclodextrin polymer on silica gel
according to the synthetic scheme by Tomohiro Akiyama et al.58

16

The following molecules were used as templates (see Figure 1.7) for molecular
imprinting strategies.
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Figure 1.7: Template molecules used by Tomohiro Akiyama et al.58
The following bioactive molecules were used as substrates (see Figure 1.8) by
Tomohiro Akiyama et al.58 for molecular imprinting strategies.
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CH3

Although cyclodextrin polymers may have high cyclodextrin content, they
generally have very low specific surface areas59 (1.0-2.0 m2/g). Adsorbate
molecules cannot easily enter into the crowded cyclodextrin sites within the
microporous network of polymer chains resulting in incomplete sorption and
slow diffusion kinetics of adsorption. Moreover, the reduced thermal and
chemical stability of cross linked polymers makes them unsuitable for industrial
applications.
Cyclodextrin-coated (or grafted) silica materials offer improved access to the CD
cavity sites since the cyclodextrin moieties are located on the external surface of
the support. Furthermore, they have improved mechanical stability due to the
robust character of the substrate and also have high surface areas compared to
conventional CD polymers. Grafted materials show limited sorption due to the
relatively low content of cyclodextrin incorporation.
The major drawback of cyclodextrin grafted silica materials is the use of
amorphous silica as a solid support. Since the discovery of MCM-41 and
periodic mesoporous organosilica, more efficient ways of grafting organic
functionalized silica have been developed.49-56
(4) Incorporation of cyclodextrin within the framework of mesoporous silica
Cyclodextrin (CD) or CD derivatives can be incorporated within the framework
of mesoporous silica.60-65 Cyclodextrin-silica hybrid mesoporous materials have
an open framework structure with pore sizes 3-25 nm so that the organic guests
can access the surface bound cyclodextrin binding sites.62-64 The introduction of
mesoporosity provides enhanced access because of the increased surface area
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and accessibility of the organic guests to the internal cavity of the cyclodextrin
host molecule.
There are two different synthetic strategies for preparing cyclodextrin-silica
hybrid mesoporous materials. The first method is the direct synthesis by cocondensation

of

cyclodextrin

functionalized

trialkoxysilane

with

tetraethoxysilane (TEOS) in the presence of a structure directing agent (SDA;
such as cetyltrimethyl ammonium bromide or dodecylamine). Removal of the
SDA by solvent extraction produces a mesoporous silica material containing
cyclodextrin. The second method is surfactant templated copolymerization of
TEOS with cyclodextrin-bridged silsequioxanes monomers (RO)3Si-B-Si(OR)3
where B is a bridging compound (e.g. cyclodextrin). Removal of the surfactant
produces periodic mesoporous organosilica material (PMO) in which
cyclodextrin acts as an integral part of the channel wall.
Method 1
Direct synthesis by co-condensation of organosilane and tetraalkoxysilane:
In this one-pot method,66 the organosilanes are co-hydrolyzed and condensed
with other silica reagents, e.g. tetraalkoxysilanes, water, and the appropriate
SDA molecules to create the desired mesoporous material (see Figure 1.9).
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Figure 1.9: Direct Synthesis Method, Co-condensation of Organosilanes and
Tetraalkoxysilanes for the Assembly of Ordered, Mesoporous, OrganicInorganic Hybrid Solids66

The use of a non-electrostatic templating pathway (using neutral surfactant or
non-ionic surfactant) is a promising strategy for the rapid and convenient
synthesis of functionalized mesoporous silica materials. A general disadvantage
of electrostatic S+I- assembly (S+= structure directing alkylammonium ion
surfactant and I- = framework forming silicate oligomers) for direct
functionalization is incomplete removal of the charged surfactant molecules
from the framework. Extraction may be problematic in some instances because
the functionalized mesostructure decomposes by acid leaching.67
Mercier and coworkers60 prepared cyclodextrin containing hexagonal phase
mesoporous silica (CD-HMS) materials by a direct synthetic process (see Figure
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1.10). Transmission electron microscopy (TEM) images, nitrogen sorption and
small angle x-ray diffraction patterns reveal a wormhole morphology with an
approximate 40 Å pore diameter pores. The material with the highest CD
incorporation level studied was, CD-HMS 8%, which contained 8%
cyclodextrin. No PXRD reflection was observed for CD-HMS 8% which was
attributed to contrast matching caused by the presence of high cyclodextrin
loading in the pore channels. Broadening of the pore size distribution of CDHMS 8% showed highest CD loading resulted in a mesoporous framework that
suffered from severe structural perturbation and mechanical instability.
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Method 2
Periodic Mesoporous Organosilica: Lambert and coworkers61 prepared cyclodextrin containing mesoporous polymers using cetyltrimethylammonium
bromide (CTAB) as the surfactant where the cross linking of the polymer
occurred from a cyclodextrin monomer that was completely functionalized
containing up to 42 hydrolysable (76 OEt groups from the cyclodextrin
functionalized tri-ethoxy silane where every glucose unit of one cyclodextrin
molecule contains six Si(OEt)3 units (see Figure 1.11), groups as compared with
only four in the case of TEOS.
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Figure 1.11: Synthesis of CD-functionalized periodic mesoporous materials
according to Lambert et al.61
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Small angle XRD measurements of the synthesized CD- functionalized periodic
mesoporous silica (Figure 1.11) by Lambert et al.61 showed no ordering or
periodicity. As the proportion of TEOS decreases and the cyclodextrin monomer
content increases, the long range order is lost. The peak at 2.2° decreased in
intensity as the percentage of TEOS decreased from 90 to 50% and was absent
when the percentage of TEOS was 25% or less. With the decrease of the
percentage of TEOS, the formation of silica framework is hindered because
TEOS is the principal component for silica network formation.
Chunqing Liu62-65 prepared -cyclodextrin hybrid mesoporous silica from a
monomer of cyclodextrin having an isocyanate carbamate linkage both in the
absence of a surfactant62 and also in the presence of a surfactant (CTAB).64 The
same author also reported the synthesis of -cyclodextrin hybrid mesoporous
silica using a tri-block copolymer65 as the SDA.
General drawbacks
A general drawback occurs with all of the -cyclodextrin hybrid mesoporous
silica reported. As the loading of CD increases, the framework mesoporosity and
mechanical stability tend to decrease. On the other hand, the high CD loading is
expected to increase the sorption capacity of these composite materials. This is
an important factor to consider for their successful utilization as sorbents for
applications involving water purification. An increase in the CD loading not
only disrupts the framework mesoporosity but also lowers the surface area of the
materials. For these reasons an increase in the CD loading decreases the
accessibility of the organic host.
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Problems with compounds reported by Lambert et al.61
Although the CD loading of CD HMS materials reported by Mercier et al.60 are
lower than that reported by Lambert et al.61 (8% for CD HMS and 25% for
Lambert et al.61), the reported p-nitrophenol sorption capacity for both types
materials are comparable. With an increase in CD loading, we expect a
theoretical increase in the sorption capacity for such compounds, as reported by
Lambert. However, this was not observed. With an increase in CD loading, the
framework mesoporosity and surface area, both decrease. As well, p-nitrophenol
diffuses more slowly to enter the CD binding sites. Most of the abundant CD
hosts deep in the collapsed mesopore remain inaccessible to the p-nitrophenol
guest.
Problem with compounds reported by Mercier et al.60
Although the p-nitrophenol sorption properties of both types of materials are
comparable, the direct synthetic process (“one-pot method”) followed by
Mercier is considered more convenient. The cyanuric chloride linker used by
Mercier is sensitive to alkaline pH due to hydrolysis41 of APS MCT. Hence,
these linkers are ineffective in materials that involve aqueous phase adsorption
of p-nitrophenol because of the hydrolysis of the APS MCT linker from the
silica framework. The decrease in sorption is related to cleaving off the surface
bound CD moieties.
The general concept, “more CD, more sorption”, does not hold at all for
materials containing the MCT linker because of the easily hydrolyzed CD
functionalities. Consequently, it is necessary to develop a synthetic scheme that
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utilizes a robust linker which will solve the problem of CD accessibility, as well
as, the versatile attachment of CD to the silica framework. To accomplish this
goal, the following research was proposed to address the aforementioned
problem.
1.2.3 Outline of the Research
The objectives of this research were to synthesize, characterize and study the
sorption properties of cyclodextrin hybrid porous silica materials prepared by
different synthetic strategies. The direct synthesis method of Mercier et al.60 was
exploited with some important modifications.
a) Change of Linker: The cyanuric chloride linker used by Mercier (see Figure
1.10) is sensitive to alkaline pH due to hydrolysis.41 Instead of the cyanuric
chloride linker an isocyanate-based linker will be used (see Figure 1.12). Since
urethane bonds are less susceptible to hydrolysis, they are considered more
favorable method for connecting the cyclodextrin to the silica framework.
The isocyanate linker was synthesized by reacting cyclodextrin with 3isocyanatopropyltriethoxysilane according to a synthetic strategy as outlined by
Liu et al.64 (see Figure 1.12). This synthetic method was modified in order to
increase the number of hydrolysable functionalities: 4 moles of 3isocyanatopropyltriethoxysilane was used instead of 3 moles.
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(OH)14

(OH)14

nO

700C
C

N

Si(OEt)3

DryPyridine
n= 3
(CH2OH)3

(CH2OH)7

(CH2OCONH(CH2)3Si(OEt)3)3

Figure 1.12: The synthesis of isocyanate based CD monomer64
The CD-based monomer from Figure 1.12 was co-condensed with TEOS using
dodecylamine as SDA and 1,3,5-trimethylbenzene (TMB) as pore expander
following the basic synthetic strategy of Mercier and coworkers.60
b) Change of Surfactant: The size of framework confined mesopore is equal to
the diameter of the framework channels or to the diameter of the parent rod-like
micellar phase and can be varied by tuning the surfactant alkyl chain length.68
The alkyl chain length of the surfactant was increased using CnH2n+1NH2 where
n = 12, 14 or 16.
FT-IR, Raman spectroscopy, elemental analysis, solid state

13

C-NMR

spectroscopy, MALDI TOF MS, and nitrogen porosimetry were used to
characterize the CD-containing silica materials. The sorption properties of the
materials were studied using p-nitrophenol as an adsorbate in aqueous solution
and also with the gaseous adsorbate CH3Cl. The results were evaluated using the
Langmuir,69 Freundlich,70 and Brunauer-Emmet-Teller71 models of adsorption.
The composite materials are expected to contribute positively to future industrial
applications related to sorption phenomena and chemical separations involving
the removal of organic compounds from aqueous media or from the gas phase.
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CHAPTER 2
EXPERIMENTAL
2.1 Preparation of CD functionalized silane
2.1.1 Introduction and Background Theory
Cyclodextrin functionalized silane CD ICS was prepared by reacting one mole
of β-cyclodextrin with four moles of 3-isocyanatopropyltriethoxysilane
according to the following reaction scheme (see Scheme 2.1).
(OH)14

(OH)14

nO

C

N

Si(OEt)3

700C
DryPyridine
n= 4
(CH2OH)3

(CH2OH)7

(CH2OCONH(CH2)3Si(OEt)3)4

Scheme 2.1: Synthesis of an Isocyanate based linker CD ICL, where n=4.
According to this synthetic scheme CD is bonded to Si by an isocyanate linkage
CD ICL is co-condensed with TEOS in the presence of a structure directing
agent (SDA) (i.e. surfactant) and pore expander (TMB) following a direct
synthesis pathway.72,73 Then the surfactant and pore expander are removed by
solvent extraction from the surfactant containing (“as synthesized”) material
using ethanol as the extraction solvent. Finally, after drying at 800C at high
vacuum, CD ICS is found as a white powder.
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2.1.2 Materials and methods
Materials
3-isocyanatopropyltriethoxysilane was purchased from Gelest Inc., USA. All
other chemicals were purchased from Aldrich Inc., Canada. Pyridine was dried
over potassium hydroxide pellets for 24 h. The decant was collected and distilled
from calcium hydroxide at atmospheric pressure. The dried pyridine was stored
over 4Å sieves in screw capped bottles. β-cyclodextrin was dried in an
Abderhalden74 pistol drier at using acetone as the refluxing solvent.
Methods
Preparation of CD ICL
4.95g (20.0 mmol) of 3-isocyanatopropyltriethoxysilane was added to a stirred
solution of dried β-CD (5.74 g, 5.0 mmol) in 70 mL of dried pyridine. The
solution was stirred at 70 °C under N2 for 48 h. The solvent was removed under
reduced pressure under N2. The product CD ICL was obtained as a light yellow
solid.
Preparation of CD ICS from CD ICL
CD ICL (X mmol where X=0.61, 1.21, 1.81) was stirred in 10 mL of water for
30 min. The mixture is then added to the surfactant (dodecylamine,
tetradecylamine or hexadecylamine) solution (6.7 mmol in 10 mL of ethanol and
90 mL of water) and stirred for 30 s after which TEOS (30.3X mmol) was
added. After the mixture was further stirred for 30s, TMB (6.7 mmol) was added
as pore expanding agent. The mixture was then stirred for 24h and the resulting
powder was filtered and washed by ethanol and then by water. The “as-

30

synthesized” material was dried overnight under vacuum and was washed by
Soxhlet extraction using ethanol for 24h. The material obtained was labeled as
CD ICS Y (Z) where Y=100X/30.3 or 2, 4, 6 respectively and Z= number of
carbon atoms of the alkyl chain in the neutral surfactant (for example, 12, 14 or
16 for dodecylamine, tetradecylamine or hexadecylamine, respectively).
2.2 Characterization of Materials
2.2.1 Introduction
The 1H NMR spectra provides useful structural information for determining the
average degree of substitution of CD by ICL from the integration of 1H NMR
line intensities. Since a CD molecule has 7 primary and 14 secondary hydroxyl
groups, it can be theoretically substituted at any of the 21 hydroxyl groups.
Depending on the mode and number of substitution of the hydroxyl groups, the
CD functionalized triethoxysilane can be in different isomeric forms according
to Wenz and others.75 The ratio of the native cyclodextrin and linker can be
determined from the ratio of the intensity of the unreacted proton H-1 of
cyclodextrin and the intensity of the unreacted proton of the linker.
Small angle X-ray diffraction patterns of hexagonal mesoporous silica show
reflections between 2θ = 20 to 50 due to ordered hexagonal array of parallel silica
tubes. For cyclodextrin incorporated silica materials, the reflection for only
(100) plane of a hexagonal unit cell has been reported.60, 61 The incorporation of
a large cyclodextrin moiety in the hexagonal channel results in reduced ordering
of the silica channel and the signals at higher angles are lost.
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Solid State

13

C NMR CP-MAS Spectra of can provide structural information

about the CD functionalized silica material. This allows confirming the
incorporation of CD into the mesoporous silica network by demonstrating peaks
in the region δ = 60-110 ppm region for CD.
Matrix assisted laser desorption ionization time of flight (MALDI TOF) mass
spectrometry can give information on the incorporation of cyclodextrin within
the mesostructure silica framework. Due to desorption of the grafted species by
laser irradiation, MALDI TOF mass spectrometry permits direct detection of
cyclodextrin bonded to the silica network by direct measurement of
oligosaccharide mass fragments desorbed from the surface.
Infrared spectra were acquired using the diffuse reflectance technique where the
sample was mixed with potassium bromide. Reflection does not occur at exactly
the same frequency as absorption for strong bands, which causes shifts and
distortions. The Kubelka-Munk method is the proper method for representing the
intensity of the diffuse reflectance spectra. This method corrects the transmission
spectra for the wavelength dependence of the IR absorption bands. The KubelkaMunk function (f(R∞)) is the ratio of absorption (k) and the scattering coefficient
(s) of the sample:

f(R 

(1- R
2.303a
k
 s 
s
2R

c  k c ...............(2.1)

where, R∞ is the reflection of the sample with infinite thickness. In practice the
experimentally observed reflection (R∞ = R∞, exp) is the ratio of the reflection of
the sample (R∞, s) and the reference material (R∞, r).76 According to the equation
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(2.1), k = 2.303 ac where a and c are the absorptivity and concentration of the
analyte, respectively. If s is constant f(R∞) is linear with the sample
concentration and k* can be related to the sensitivity of the analytical method77.
Raman

spectroscopy

provides

complementary information

to

Infrared

spectroscopy because the selection rules for Raman Scattering are different from
those of IR; some transitions are observed only through Raman Scattering, some
only in IR and some both in IR and Raman.78
UV-Vis spectrophotometry can be used to get quantitative information of pnitrophenol adsorbed in CD ICS. From the molar adsorptivity of p-nitrophenol
the analytical unknown concentration of p-nitrophenol can be determined using
the Beer Lambert Law:

A
I 
log 0   cl  ..............(2.2)
cl
 I 
where I0 is the intensity of the incident light (or the light intensity passing
through a reference cell), I is the light transmitted through the sample solution,
log (I0/I) is the absorbance (A) of the solution, c is the concentration of the solute
(in mol/dm3), l is the path length of the sample (cm), ε is the molar absorptivity
(unit M-1cm-1).79
Nitrogen porosimetry can give information about the surface area, pore volume
and pore size distribution of the CD ICS materials. From the type of hysteresis
loop observed, it is possible to predict the different types of adsorption and
desorption processes that may occur in mesoporous materials.80
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Figure 2.1: Different types of hysteresis loops for microporous and mesoporous
materials observed in gas porosimetry experiments80
Type H1 is associated with porous materials with narrow pore size distribution,
type H2 loop occurs in pores with narrow neck and wide bodies (called “ink
bottle” pores), type H3 hysteresis loop is observed with aggregates of plate-like
particles giving rise to slit shaped pores and type H4 loop is reported to be
associated with narrow slit-like pores.80
Theromogravimetric analysis4,

8, 11

provides quantitative information because

this method provides information on weight loss over a specified temperature
range. Because of the difference in thermal stability between organic and
inorganic materials, it is anticipated that the TGA profile gives information on
the CD loading. Information about CD loading, removal of (SDA) surfactant68, 87
and pore expander may be obtained, from the percentage weight loss and
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differential thermogravimetric profile. Physisorbed water is desorbed at
temperatures less than 1100C, the surfactant and pore expander losses are at ~
1000C to 2500C and chemically-bonded cyclodextrin decomposes at ~3200C.
The various temperature ranges are categorized as low, medium, and high
temperature regimes.
2.2.2 Instrumental analysis
2.2.2.1 1H NMR Spectroscopy
1

H-NMR (Bruker; 500 MHz Avance NMR spectrometer) spectra was obtained

with 128 scans using DMSO-d6 as the internal reference for chemical shift
measurements at room temperature.
2.2.2.2 Small Angle X-ray Diffraction
Small Angle X-ray Diffraction data was obtained on a Rigaku Miniflex
diffractometer using Cu Kα radiation (wavelength 1.5418 Å) from 2θ = 20 to 100.
2g of sample was dry mounted by pressing on an aluminum disc sample holder.
2.2.2.3 Solid State NMR
Solid state

13

C NMR with cross polarization

13

C {1H} magic angle spinning

spectra were run at 150.8 MHz on a Varian Inova 600 spectrometer with rotor
size 3.2 mm, spinning rate 16 kHz with a CP ramp pulse program. The chemical
shifts were externally referenced to hexamethylbenzene at 16.9 ppm at ambient
temperature. Data were processed with a 100 Hz line broadening and left
shifting FID (1-2 data points) to correct baseline.
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2.2.2.4 MALDI TOF Mass Spectrometry
MALDI TOF Mass Spectrometry was taken in Voyager DE STR MALDI Mass
Spectrometer operated in positive ion linear mode, calibrated with Angiotensin 1
(m/z 1296.6853) and spectra were acquired from m/z 700 to m/z 3000.
Approximately, 2 mg of sample was placed in an eppendorf tube and ground
with a 200 μl pipette tip. 50 μl of 75% acetonitrile with 0.1% aqueous trifluoro
acetic acid was added to the tube. The sample was sonicated in a sonication bath
for 30 minutes. 1 μl of the slurried sample and 1 μl of matrix solution (5mg/ml
alpha-cyano-4-hydroxycinnamic acid) were mixed on the MALDI plate and air
dried). Milli-Q grade water was used for the preparation of the aqueous
solutions.
2.2.2.5 DRIFT Spectroscopy
IR spectra were obtained by DRIFT (Bio RAD FTS-40 spectrophotometer). KBr
was used as both the background and matrix over the range of 400-4000 cm-1.
Samples were prepared by mixing with pure spectroscopic grade KBr in an
approximately equal ratio (KBr : sample ~ 1:1), grinding together in a small
crucible and finally and pressed with a spatula in the sample holder to make a
uniform planar upper surface. The spectra were taken at room temperature with a
resolution of 4 cm-1 with approximately 250 scans.
2.2.2.6 Raman Spectroscopy
Raman Spectroscopy measurements were obtained in a Renishaw system 2000
with an excitation wavelength of 514 nm in a 1800 backscattering configuration
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at room temperature. The calibration was performed by using silicon wafer at
520 cm-1.
2.2.2.7 UV-Vis Spectrophotometry
UV absorbance and molar absorption coefficients of p-Nitrophenol were
obtained by UV-Vis spectrophotometry (Varian Cary 100 SCAN) with spectral
band width of 2 nm and data collection at intervals of 1 nm.
2.2.2.8 C, H, N Elemental analysis
C, H, N analysis was determined using an Elemental Analyzer (Perkin Elmer
2400 CHN Elemental Analyzer, the limit of detection was: ± 0.3%).
Experimental results were corrected for H2O content obtained from
thermogravimetric analysis to correct for H and O contents arising from
adsorbed water.
2.2.2.9 Porosimetry
Nitrogen adsorption-desorption isotherms of the adsorbents were measured at
77 K on a Micromeritics ASAP 2000 sorptometer. Samples were grounded in a
small crucible and passed through 40 mesh size sieve. Prior to measurement,
every sample was degassed at 1100C at 10-6 mm Hg. Samples were analyzed
from around 40 mm Hg pressure to 710 mm Hg pressure of nitrogen.
2.2.2.10 TGA
TGA analysis was performed on TG-DSC-1100 supplied by Setaram Scientific
and Industrial Equipment, NJ, USA. 20 to 50 mg of sample was placed in a
balance inside the analyzer. The sample was heated in flowing Ar gas from 20 to
600 0C with a heating rate of 10oC/min.
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2.3 Sorption Studies of CD functionalized Silica Materials
2.3.1 Introduction and Background Theory
To investigate the adsorption capacities of the materials, sorption experiments
were performed in the gas phase and solution phase, respectively. Methyl
chloride, a volatile organic compound, a major industrial pollutant,81 was chosen
as the adsorbate for gas phase adsorption. For solution phase adsorption, pnitrophenol, a model compound to represent typical small sized aromatic organic
contaminants of water, was chosen as the adsorbate for solution phase
adsorption.
2.3.2 Adsorption Isotherms
The following adsorption isotherm equations were considered for fitting the
experimental data from the sorption studies.
Table 2.1: Description of Adsorption Isotherm Models
Model

Equation

Langmuir

Ce Ce
1


Qe Qm bQm

BET

Ce
C k  1  C e
1


 e
Qe C 0  C e  Qm k
C 0 Qm  C 0

Freundlich

log Qe 

1
log Ce  log k f
n

Comment
Describes maximum
monolayer capacity





Describes multilayer
adsorption
Empirical

where, Qe is the amount of adsorbate adsorbed (mol g-1), Ce is the equilibrium
concentration of adsorbate in solution (mol L-1), Qm is the maximum adsorption
for monolayer coverage (mol g-1), Co is the initial concentration of adsorbate
(mol L-1), b is the adsorption equilibrium constant (L mol-1), k is a constant
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related to the heat of adsorption, kf and n are Freundlich constants representing
adsorption capacity and intensity.82
2.3.2.1 Solid-Gas Adsorption studies
CD ICS materials were grounded in crucible and passed through 40 mesh size.
CH3Cl gas adsorption was performed at room temperature using the Langmuir
Gas Adsorption apparatus. Prior to measurement, every sample were degassed at
1100C and 10-6 mm Hg.
2.3.2.2 Solid-Solution Adsorption studies
CD ICS was passed through 40 mesh size sieves. A stock solution of 10-4 M pnitrophenol was prepared in 0.1M CH3COOH/CH3COONa buffer at pH= 5.0.
Different masses of CD ICS were taken in 10 mL of adsorbate solution in
different vials and were shaken for 24 hrs to achieve equilibrium. The
suspension was filtered and the p-nitrophenol concentration in the filtrate
solution was measured by UV-Vis spectroscopy.
Kinetics of Adsorption
CD ICS was passed through 40 mesh size sieves. 10-4 M p-nitrophenol solution
was prepared in 0.1M CH3COOH/CH3COONa buffer at pH= 5.0. 10 mg of CD
ICS in 10 mL of adsorbate solution was added in different vials and the vials
were shaken for different time intervals. The suspension was filtered and the
residual p-nitrophenol concentration in the filtrate was measured by UV-Vis
spectroscopy to determine the amount of p-nitrophenol adsorbed.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 Synthesis
3.1.1 Synthesis of CD functionalized triethoxy silane (CD ICL)
The CD functionalized triethoxysilane was synthesized according to the
following procedure: According to this method the CD functionalized silane
(CD

ICL)

was

synthesized

by

reacting

β-cyclodextrin

with

3-

isocyanatopropyltriethoxysilane according to the following reaction Scheme 3.1.
(OH)14

(OH)14

nO

C

N

Si(OEt)3

700C
DryPyridine
n= 4
(CH2OH)3

(CH2OH)7

(CH2OCONH(CH2)3Si(OEt)3)4

Scheme 3.1: Synthetic scheme of an isocyanate based linker CD ICL, where the
degree of substitution n=4
The isocyanate linkage, CD ICL, is a relatively stable linker which can be
preserved at room temperature and in the aqueous solution phase.
3.1.2 Synthesis of CD ICS (CD isocyanate carbamate linked hexagonal
mesoporous silica)
CD ICL was cocondensed with TEOS in presence of a SDA and a pore expander
(TMB) following the direct synthesis pathway.72, 73 The surfactant and pore
expander were subsequently removed from the “surfactant containing” or “assynthesized” material by solvent extraction using ethanol as the solvent. Finally
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after drying CD ICS was isolated as a white powder (see Schemes 3.2 and 3.3).
OEt

EtO

(OH)14

n= 4, 5 or 6

Si
EtO

n

H2 N

OEt

CH3
(CH2OH)6
CH2O
C

O

HN

CH3

CH3
TMB

Si(OEt)3

EtOH

H2O

Removal of SDA
and TMB
by Soxhlet Extraction
with EtOH

CH3
CH3

CH3

Scheme 3.2: Synthesis of CD ICS from CD ICL (This drawing is not to scale).
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Scheme 3.3: A schematic representation of the structure of the final CD ICS
material where β-cyclodextrin is attached to the silica matrix via an isocyanate
linkage along the interior walls of the silica framework.
CD ICS materials were synthesized using different amounts of CD loading with
three different types of neutral surfactants (SDA) which differ according to the
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length of the alkyl chain. In total, nine types of CD ICS materials were
synthesized and were named as follows (see Table 3.1).
Table 3.1: Synthesis of CD ICS Materials.
Material
CD ICS 2 (12)
CD ICS 4 (12)
CD ICS 6 (12)
CD ICS 2 (14)
CD ICS 4 (14)
CD ICS 6 (14)
CD ICS 2 (16)
CD ICS 4 (16)
CD ICS 6 (16)

β-CD (mol %) with
respect to TEOS
2%
4%
6%
2%
4%
6%
2%
4%
6%

SDA
Dodecylamine

Tetradecylamine

Hexadecylamine

Here, 2, 4 or 6 represent the molar percentage of β-CD with respect to TEOS,
the bracketed values 12, 14 or 16 represent the number of carbon atoms of the
hydrophobic chain in the SDA used during synthesis. For example, CD ICS 2
(12) means 2% CD-incorporated mesostructured silica prepared using
dodecylamine

and

CD

ICS

6

(16)

represents

6%

CD-incorporated

mesostructured silica prepared using hexadecylamine as the SDA.
Since the size of framework-confined mesopore is equal to the diameter of the
framework channels or to the diameter of the parent rodlike micelles and can be
varied by the SDA alkyl chain length,68 and an increase of the alkyl chain length
of the SDA results in larger mesostructures with greater surface areas and pore
volumes.
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3.2 Characterization
3.2.1 1H NMR
The 1H NMR spectrum of the native β-cyclodextrin in DMSO-d6 at 293K was
similar to that already reported in the literature and was assigned according to
Schneider et al.83

Figure 3.1: 1H NMR spectrum of β-cyclodextrin in DMSO-d6 obtained at room
temperature and 500 MHz. (The numbering of C atoms of glucose unit in the βCD macrocycle has been shown in the inset).
1

H NMR (DMSO-d6) δ 3.29 (m, 7H, H-2), 3.34 (m, 7H, H-4), 3.55 (m, 7H, H-

5), 3.60-3.70 (m, 21H, H-3, H-6 a, b), 4.45 (m, 7H, OH-6), 4.82 (s, 7H, H-1),
5.68 (s, 7H, OH-3), 5.75 (m, 7H, OH-2).
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Figure 3.2: 1H NMR spectrum of 3-isocyanatopropyltriethoxysilane in DMSOd6 obtained at room temperature and 500 MHz. (* denotes signal for DMSO-d6).
The 1H NMR spectrum of the 3-isocyanatopropyltriethoxysilane in DMSO-d6
was assigned as below:
1

H NMR (DMSO-d6) δ 0.60 (m, 2H, SiCH2), 1.15 (t, 9H, SiOCH2CH3), 1.60

(m, 2H, SiCH2CH2), 3.33 (m, 2H, SiCH2CH2CH2), 3.75(q, 6H, SiOCH2CH3).
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Figure 3.3: 1H NMR spectrum of CD ICL in DMSO-d6 obtained at room
temperature and 500 MHz.
The 1H NMR spectrum of CD ICL in DMSO-d6 was assigned in the context of
the results for the assignment of the 1H NMR of the precursor’s β-cyclodextrin
and 3-isocyanatopropyltriethoxysilane. The assignment of the

1

H NMR

resonance lines and integral intensities are in accordance with the molecular
structure of the compound depicted in Figure 3.3 (see inset).
1

H NMR (DMSO-d6) δ 0.50 (m, 8H, SiCH2), 1.15 (t, 36H, SiOCH2CH3), 1.40

(m, 8H, SiCH2CH2), 2.72 (s, 4H, N-H), 2.93 (m, 8H, SiCH2 CH2CH2), 3.29-3.34
(m, 14H, H-4 and H-2), 3.55 (m, 7H, H-5), 3.60-3.70 (m, 14H, H-3 and H-6 a,
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b), 3.75 (q, 24H, SiOCH2CH3), 4.48 (m, 5H, OH-6), 4.82 (s, 7H, H-1), 5.70 (s,
5H, OH-3), 5.75 (m, 7H, OH-2).
The chemical shift of α-, β- and γ- protons of the precursor 3isocyanatopropyltriethoxysilane was 0.60, 1.60 and 3.33 ppm respectively.
However, after the coupling reaction, the chemical shift of α-, β- and γ- protons
in the final product, changed to 0.50, 1.40 and 2.93 ppm respectively. The
measured change in chemical shift differences (Δδ) for α-, β- and γ- protons are
(0.60-0.50) = 0.10, (1.60-1.40) = 0.20 and (3.33-2.93) = 0.40 ppm respectively.
The α-, β- and γ- protons of the linker is connected to β-cyclodextrin via the
urethane linkage where γ protons are the adjacent, followed by the β protons
whereas the α protons are the most remote. Consequently, the change in
chemical shift (Δδ) is the maximum for the γ protons (0.40 ppm), the medium
for the β protons (0.20 ppm) and the lowest for the α protons (0.10 ppm), in
accordance with the structure of the compound and the position of covalent
attachment.
The H-1 proton is the unreacted proton of cyclodextrin. On the other hand the
CH3 protons of SiOCH2CH3 are the unreacted protons of the linker. Since one
linker contains 9 CH3 protons of SiOCH2CH3, the number of linkers attached to
one molecule of cyclodextrin is 36.37/9 = 4. Since 4 linkers are attached to one
cyclodextrin molecule, the number of α-, β- or γ- protons should be 42=8
which is in correspondence with the integration of the 1H NMR data showing
8.31, 8.15 and 8.09 α-, β- and γ- protons respectively. Since 4 linkers are
attached to one β- CD molecule, the number of CH2 protons of SiOCH2CH3
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should be 46=24, which is in correspondence with the integration of the 1H
NMR showing 24 CH2 protons of SiOCH2CH3 protons.
Furthermore, if 4 linkers are attached to one β-CD molecule, the number of N-H
protons should be 4 which are in correspondence with the integrated 1H NMR
showing 4.33 N-H protons. The integration of the 1H NMR showed 5.20 and
5.35 protons of OH-6 and OH-3, respectively. The number of protons in both
OH-6 and OH-3 in unsubstituted β-cyclodextrin is 7. In total, 4 protons have
been substituted by the linker (2 protons from OH-6 and 2 protons from OH-3),
the result of integration is 5 for both OH-6 and OH-3.
According to the 1H NMR results, there are 4 isocyanate linkers attached to one
cyclodextrin in CD ICL. A possible molecular structure for CD ICL is as
follows.
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Figure 3.4: A schematic of one possible isomer of CD ICL where the linkers are
bonded via OH-6 and OH-3 according to 1H NMR data.
Since any 2 of the seven OH-6 protons and any 2 of the seven OH-3 protons
could be substituted by the linker, the above structure is just one of the possible
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isomers. It is also possible to have one molecule of cyclodextrin bonded to
several linker molecules. Figure 3.4 shows just one of the several possible
isomers of CD ICL where an average 4 linkers are attached to one molecule of
β-cyclodextrin.
3.2.2 Infrared Spectra
According to the reaction Scheme 3.1 the molar ratio of β-CD to 3isocyanatopropyltriethoxysilane was 1: 4 before reaction. According to the 1H
NMR results, four isocyanate linkers were attached to one cyclodextrin, i.e.,
reaction was complete. The completion of the reaction was supported by IR
spectroscopy of CD ICL showing complete disappearance of the isocyanato
group at 2270 cm-1 (see Figure 3.5).

Figure 3.5: Infrared Spectra of a) β-cyclodextrin b) ICL and c) CD ICL at room
temperature.
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IR spectra of CD ICL (KBr, cm-1): 3350 (N-H stretching), 2971 and 2924 (CH stretching), 1634 (C=O stretching Amide I), 1560 (N-H bending Amide II),
1437-1280 (OCH, HCH, CCH, COH bending of β-cyclodextrin), 1260 (Amide
III), 1150 (C-O stretching of β-cyclodextrin) 1090 (Si-O-C stretching), 870 (C-C
anomeric vibration of β-cyclodextrin), 947 and 578 (skeletal vibration of α-1,4
linkage of β-cyclodextrin).
The IR spectra of CD ICL shows a single band around 3350 cm-1 which is due to
N-H bond stretching of secondary urethane. Two bands around 1634 cm-1 and
1560 cm-1 are due to C=O stretching vibration (amide I) and N-H bending
vibration (amide II) of secondary amides. The weak band at 1260 cm-1 is the
amide III band due to

coupling between N-H bending and C-N stretching of

the C-N-H component. The bands observed in the IR spectra of the parent βcyclodextrin,84 overlaps with the characteristic bands of CDICL showing
successful attachment of the β-cyclodextrin group with ICL.
Infrared spectra were taken for all nine CD ICS materials. The dominant peak in
all cases was the Si-O-Si stretch at 1050-1150 cm-1, which is characteristic of
siloxane condensation.85 The bands observed in the IR spectra of the CDICL,
overlaps with the characteristic bands of CD ICS showing successful inclusion
of cyclodextrin within the mesostructure.
Figure 3.6 below shows the infrared spectra of CD ICS 2(14), CD ICS 4(14) and
CD ICS 6(14) as well as that of the synthetic precursor CD ICL.
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Figure 3.6: Infrared Spectra of a) CD ICS 2(14) b) CD ICS 4(14) and c) CD ICS
6(14) and d) CD ICL at room temperature.
IR spectra of CD ICS 4 (14) (KBr, cm-1): 3350 (N-H stretching), 2920 (C-H
stretching), 1637 (C=O stretching Amide I), 1545 (N-H bending Amide II),
1431-1300 (OCH, HCH, CCH, COH bending of β-cyclodextrin), 1240 (Amide
III), 1078 and 1024 (Si-O stretching), 860 (C-C anomeric vibration of βcyclodextrin), 910 and 570 (skeletal vibration of α-1,4 linkage of βcyclodextrin).
Similar observations were found for all other CD ICS materials (see Figure A.16
and A.17 in the Appendices).
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3.2.3 Raman Scattering of CD ICS
Raman spectra were taken for all nine CD ICS materials. The dominant peaks in
all cases were the O-H stretch in 3650-3000 cm-1 and C-H stretch around 30002800 cm-1.
Figure 3.7 below shows the Raman spectra of CD ICS 2(12), CD ICS 6(12) and
β-cyclodextrin. The band around 1100-1000 cm-1 was assigned to Si-O-Si
antisymmetric vibration86 which is characteristic of siloxane condensation. With
an increase of cyclodextrin loading from 2% to 6% the bands at 1442, 1398,
1315, 1209, 1125, 933, 841, 641 and 473 cm-1 due to cyclodextrin87 increases in
intensity.

Figure 3.7: Raman Spectra of a) β-cyclodextrin b) CD ICS 2(12) and c) CD ICS
6(12) at ambient temperature with excitation wavelength 514 nm.
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Raman spectra of β-cyclodextrin (λex 514 nm, cm-1): 2936 and 2931 (C-H
stretching), 1442, 1374, 1324 and 1238 (C-H and O-H bending), 1115 (C-O-C
stretching), 1032 (C-O-H stretching), 930 (α-1, 4 linkage), 847 (C-H stretching
of anomeric carbon), 473 (skeletal vibration).
Raman spectra of CD ICS 2(12) (λex 514 nm, cm-1): 3083 (O-H stretching),
2900 (C-H stretching), 1578 (Amide II), 1430 (C-H and O-H bending), 1000 (SiO-Si antisymmetric stretching).
Raman spectra of CD ICS 6(12) (λ 514 nm, cm-1): 3065 (O-H stretching),
2900 (C-H stretching), 1650 (Amide I), 1570 (Amide II), 1442, 1315 and 1208
(C-H and O-H bending), 1130 (C-O-C stretching), 1000 (Si-O-Si antisymmetric
stretching), 936 (α- 1, 4 linkage), 840 cm-1 (C-H stretching of anomeric carbon),
475 (skeletal vibration).
There is some question as to whether the CD hosts are embedded within the
mesopore or dangling from the outer surface of silica network. According to the
conclusions given by Lambert et al.61 the degree of cross linking determines the
position of CD. If cross linking occurs from all directions of CD unit, CD host
will be embedded within the silica matrix. However, if CD polymers are not so
extensively cross linked (c.f. Huq et al.60 where CD was attached to 2.8 silicon
atoms), polymerization moves away from the CD unit, leaving it to protrude into
the mesopore. Since the CD ICS materials were synthesized from CD ICL that
contains four polymerizable units, it is more probable that CD host is
incorporated into the silica network rather than solely grafted on the silica
surface. However, the present results cannot unequivocally differentiate between
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surface-bound or matrix-bound β-cyclodextrin because the Raman excitation
source (514 nm) employed is anticipated to penetrate the sample to 10-6m or
more in depth. Therefore, this would involve Raman signal from both
contributions.
Figure 3.8 below shows the Raman spectra of CD ICS 6(14), CD ICS 6(16), CD
ICS 4(12), CD ICS 2(16), CD ICS 4(16) as well as the β-cyclodextrin.

Figure 3.8: Raman Spectra of a) β-cyclodextrin b) CD ICS 6(14) and c) CD ICS
6(16) d) CD ICS 4(12) e) CD ICS 2(16) and f) CD ICS 4(16).
The dominant peak at 3000-2800 cm-1 was due to C-H stretch from cyclodextrin.
However, the peaks around 1440-1240 cm-1 for C-H and O-H bending were less
intense. The peaks at 1115 cm-1 for C-O-C stretching, 1032 cm-1 for C-OH
stretching, 930 cm-1 for α-1, 4 linkage, 847 cm-1 for C-H stretching of anomeric
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carbon and 473 cm-1 for skeletal vibration of cyclodextrin was very less intense
or absent (see Figure 3.8).
3.2.4 MALDI TOF Mass Spectrometry
The incorporation of cyclodextrin within the mesostructure was supported by
MALDI TOF mass spectrometry. Due to desorption of the grafted species by
laser irradiation, MALDI TOF mass spectrometry permits the direct detection of
the oligomers bonded to the silica network.88-92
Figure 3.9 below is shows the MALDI TOF MS of β-cyclodextrin where the two
peaks at m/z 1157 and 1173 are due to [β-CD + Na]+ and [β-CD +
K]+ respectively. Since the MALDI TOF MS spectrometer was operated in
positive ion linear mode, ionization of fragmented species by Na+ or K+ is
necessary in order to direct them towards the detector. For a specific fragment
with a specific m/z value, there are differences in the peak intensity for a
fragment associated with Na+ and K+ and this helps to detect a particular mass
fragment. The peak due to [β-CD + Na]+ is more intense than the peak
corresponding to [β-CD + K]+ by a factor of approximately 2. This can be
attributed to abundance of residuals of these ions in the millipore water used for
sample preparation.
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Figure 3.9: MALDI TOF MS of β-cyclodextrin.
MALDI TOF mass spectrometry of each CD ICS materials showed an intense
peak at m/z 1157 and 1173 proving CD incorporation within the mesostructure.
Besides these major peaks, there were also intense peaks due to various
fragmentations of cyclodextrin into glucose fragments as well as a less intense
peak due to [β-CD + linker +Na]+. Figure 3.10 below shows the MALDI TOF
MS of CD ICS 4(12) where the major peaks were assigned to the corresponding
fragments.
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Figure 3.10: MALDI TOF MS of CD ICS 4(12).
A thorough search in literature was conducted88-92; no references were found
where MALDI TOF MS was used to support CD incorporation within
mesoporous silica framework. The MALDI results strongly support βcyclodextrin attachment to the silica network and this may be the first such
example in material chemistry for these types of composite materials.
MALDI TOF MS of other CD ICS materials also displayed peaks at m/z 1157
and 1173 due to [β-CD + Na]+ and [β-CD + K]+ proving the incorporation of βcyclodextrin within the mesostructure (see Figures A.1 to A.7 in the
Appendices).
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3.2.5 Solid State 13C NMR CP-MAS Spectroscopy
Solid State

13

C NMR CP-MAS Spectra of all the CD ICS were taken at 150.8

MHz on a Varian Inova 600 spectrometer with a spinning rate of 16 kHz. The
carbon atoms in the urethane linkage (OCONH) were found from δ = 160-170
ppm. The carbons in the linker (OCONHCH2CH2CH2Si) were found in the
region93 δ = 9-50 ppm. The carbons in β-cyclodextrin were found in the region83
δ = 60-110 ppm.
Figure 3.11 shows the solid state 13C NMR CP-MAS Spectra of CD ICS 2 (14).

Figure 3.11: Solid state 13C NMR CP-MAS spectrum of CD ICS 2(14) at room
temperature. Included is the letter and the number scheme for identification of
carbon atoms.
In addition to the expected peaks observed in the solid state 13C NMR CP-MAS
spectra, the peaks which correspond to the TMB (the pore expander) are
indicated. This indicates that the pore expander was not completely removed by

58

Soxhlet extraction with ethanol following the procedure described by Huq et
al.60 This also reflects that the use of a pore expander for synthesizing such
composite materials is not a suitable choice. Because the cyclodextrin itself has
strong binding affinity towards aromatic compounds, there is a possibility that
the pore expander was entrapped deep inside the silica network via non-covalent
interactions with the hydrophobic interior of cyclodextrin. Soxhlet extraction for
even 72 hrs could not completely remove the TMB. This supports the general
conclusion that the pore expander can be occluded within the framework during
synthesis. Solid State

13

C NMR CP-MAS Spectra of other CD ICS materials

displayed 13C NMR peaks in the region δ = 60-110 ppm due to the 13C nuclei of
β-CD and δ < 60 ppm due to ICL, supporting the covalent attachment of β-CD
with the silica framework. (see Figure A.8 to A.15 of the Appendices).
3.2.6 SAXD
Small angle X-ray diffraction spectra of the surfactant extracted CD ICS
materials showed strong and sharp low angle diffraction peaks around 2θ ≈ 2.20
indicating values of d100 ≈ 4.1 nm and correspond to the presence of highly
ordered mesoporous structure. Figure 3.12 below shows the SAXD patterns of
CD ICS 4(12), CD ICS 4(16), CD ICS 6(16) and CD ICS 6(12). With an
increase of CD loading from CD ICS 4(12) to CD ICS 6(12) the low angle peak
at 2.20 decreases in intensity. A similar trend is observed for CD ICS 4(16) and
CD ICS 6(16). Similar observations were reported by Lambert et al.61 The
authors reported loss of periodicity and decrease of intensity with an increase of
CD loading: the peak at 2.20 decreases in intensity as the percentage of TEOS
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goes from 90% to 50% and is absent at 25%. The increase of CD loading is
associated with decrease of TEOS, as the proportion of TEOS decreases, the
formation of silica framework is hindered because TEOS is the principal
component for the silica network formation.

Figure 3.12: Powder X-ray diffraction pattern of surfactant-free CD based
mesoporous materials containing different proportions of TEOS and CD (The
inset is showing the SAXD pattern of CD composite silica materials reported by
Lambert et al.61

The low angle peak is very sharp in intensity for the materials templated by
hexadecylamine than those of dodecylamine. Similar observations were reported
by Pinnavaia et al.68 showing superior templating ability for neutral surfactants
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with longer alkyl chain lengths as compared to their shorter alkyl chain length
counterparts.
3.2.7 TGA
Figure 3.13 shows a typical thermogram obtained for β-cyclodextrin silica based
materials with those corresponding to the CD ICL precursor. Mass losses were
observed in the low, medium and high temperature regimes, for example, the
samples lose physisorbed water at low temperatures (<1100C). For the surfactant
containing materials “as HMS” and “as CD ICS 6(12)”, the weight loss from
100 to 2000C (medium temperature) is due to decomposition of the surfactant
and the pore expander. The comparison of the thermogram of “as HMS” with
that of “as CD HMS” shows that the weight loss around 3000C occurs for “as
CD HMS” material. For the CD composite materials, CD ICL, CD ICS 6(12)
and “as CD ICS 6(12)” the thermograms reveal an important weight loss around
3000C, corresponding to the thermal decomposition of β-CD.
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Figure 3.13: Thermogravimetric profiles of CD composite materials a) HMS b)
CD ICS 6(12), c) CD ICL d) as HMS and e) as CD ICS 6(12). HMS stands for
the hexagonal mesoporous silica without CD. The surfactant containing material
is called “as synthesized” material hence the conventional notation “as” has been
used for surfactant containing materials.
The differential thermogram of CD ICL and CD ICS 6(12) as shown in Figure
3.14 reveals that the decomposition temperature of cyclodextrin for CD ICL
(3240C) corresponds to that of CD ICS showing successful attachment of
cyclodextrin with silica network. The decomposition temperature of CD ICL and
CD ICS 6(12) is above 3200C which is higher than the melting point (2980C) of
native β-cyclodextrin. This suggests that cyclodextrin is chemically bound to the
silica network because extra energy is needed to break the bond between
cyclodextrin and silica network.
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Figure 3.14: Differential thermogravimetric profile of a) CD ICL and b) CD
ICS 6(12).

3.2.8 C, H, N Elemental Analysis
The elemental analysis result of CD ICL is as given below.
Table 3.2: Elemental (C, H, N) analysis of CD ICL 4.3.
Element
C
H
N

Calculated (%)
44.0
6.9
3.9
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Experimental (%)
44.1
7.1
3.6

3.2.9 Porosimetry
Nitrogen adsorption-desorption isotherms of CD ICS materials (see Figure 3.15
to Figure 3.17) generally displayed Type IV isotherms with hysteresis loops
arising from different adsorption and desorption mechanisms in the mesopore.
Generally H4 hysteresis loops are observed. Isotherms with Type H4 hysteresis
loops featuring parallel and almost horizontal branches have been ascribed to
adsorption-desorption in narrow slit-like pores.94 Loops of type H4 are often
associated with narrow pore size distributions.

Figure 3.15: Nitrogen Adsorption-Desorption isotherm of a) CD ICS 2(12) b)
CD ICS 4(12) and c) CD ICS 6(12) at 77 K.
For simplifying the following discussion it is required to define and differentiate
the terms textural mesoporosity and framework mesoporosity. According to
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Pinnavaia et al.,67 the porosity which arises from the uniform channels of the
templated framework is framework mesoporosity. The size of framework
confined mesopore is equal to the diameter of the framework channels. Since the
diameter of the framework confined mesopore varies with the parent rodlike
micelles, it can be increased by increasing the length of the alkyl chain length of
the surfactant or by the addition of organic compounds. The porosity which
arises from non crystalline intraaggregate voids and spaces formed by
interparticle contacts is called textural mesoporosity. The size of the textural
mesopore depends on the size, shape and number of framework-confined
mesopore.

Figure 3.16: Nitrogen Adsorption-Desorption isotherm of a) CD ICS 2(14) b)
CD ICS 4(14) and c) CD ICS 6(14) at 77 K.
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The presence of framework confined mesoporosity is indicated by an adsorption
step centered at the relative pressure region from around 0.05 to 0.3. From the
height and slope of the sorption step in this region we can get a qualitative
indication of the extent and the uniformity of the framework mesoporosity. For
materials with less CD loading, e.g. CD ICS 2% or CD ICS 4%, adsorption in
the region 0.05 to 0.3 is greater with a steeper slope (see Figure 3.15 to Figure
3.17). This indicates that the framework confined mesoporosity is well defined
for the materials with a lower CD loading. On the other hand, with the increase

Figure 3.17: Nitrogen Adsorption-Desorption isotherm of a) CD ICS 2(16), b)
CD ICS 4(16) and c) CD ICS 6(16) at 77 K.
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of CD loading, adsorption in the region 0.05 to 0.3 decreases with a lower slope.
This indicates that an increase of incorporation of large CD moieties within
mesoporous framework, the uniformity of the mesoporous framework is
degraded. Similar observations were reported by Huq et al.60 observing
structural perturbation of the framework caused by the inclusion of CD moieties
within the mesoporous framework.
The presence of textural mesoporosity is verified by well defined hysteresis loop
in the region from 0.3 to 1.0. If a comparison of the adsorption isotherms of
different surfactant systems is made, it is found that CD ICS materials prepared
by SDA with shorter alkyl chain length have more textural mesoporosity as
compared to framework mesoporosity whereas the reverse is true for longer
alkyl chain surfactants. Similar observations were reported by Pinnavaia et al.68
The following table shows the surface properties of CD ICS materials as
determined from nitrogen porosimetry (see Table 3.3).
Table 3.3: Surface Properties of CD ICS Materials as determined from nitrogen
porosimetry at 77 K.
Material
CD ICS 2(12)
CD ICS 4(12)
CD ICS 6(12)
CD ICS 2(14)
CD ICS 4(14)
CD ICS 6(14)
CD ICS 2(16)
CD ICS 4(16)
CD ICS 6(16)

BET Surface Area
(m2/g)
630.3
504.3
307.0
680.1
505.4
591.8
906.5
832.1
656.8
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Pore Volume
(cm3/g)
0.67
0.51
0.21
1.16
0.52
0.42
1.18
0.90
0.47

Change of CD loading in same surfactant
With an increase of CD loading for CD ICS materials prepared by the same
surfactant, the pore volume and surface area decreases. These changes in surface
properties indicate the presence of the large CD moieties within the pore
channels. Comparison of CD ICS 2(12), CD ICS 4(12), and CD ICS 6 (12)
shows that with an increase of CD loading from 2% to 6%, a decrease of surface
area from 630.3 m2/g to 307.0 m2/g occurs with a decrease of pore volume from
0.67 cm3/g to 0.21 cm3/g. Similar trends were observed for materials prepared in
presence of tetradecylamine and hexadecylamine as the structure directing
agents. (see Table 3.3)

Change of surfactant with same CD loading
With an increase of alkyl chain length of the surfactant, the size of framework
mesoporosity increases. This intuitive prediction is observed for materials with
different surfactant but the same CD loading.
For example, the comparison of CD ICS 2(12) and CD ICS 2 (16) shows that
with an increase of alkyl chain length of the surfactant from dodecylamine to
hexadecylamine results in increase of surface area from 630.3 m2/g to 906.5
m2/g which is associated with an increase of pore volume from 0.67 cm3/g to
1.18 cm3/g. Similar trends were observed for other materials. A comparison of
CD ICS 4(12) with CD ICS 4(16), the SA and pore volume increases. A
comparison of CD ICS 6(12) with CD ICS 6(16), the SA and pore volume
increases.
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3.3 Sorption Studies of CD functionalized silica
3.3.1 CH3Cl Adsorption (Solid-Gas Adsorption)
CH3Cl gas adsorption isotherm of CD ICS materials at ambient temperature was
obtained by using a Langmuir adsorption apparatus. In order to find the dead
volume the calibration curve was determined at first (see Figure 3.18).

Figure 3.18: Calibration Curve for determination of dead volume for the
Langmuir Gas Adsorption Apparatus at room temperature.
CH3Cl gas adsorption isotherm of CD ICS materials were fitted by Langmuir,
BET and Freundlich models. Figures 3.19 to 3.21 below show the nonlinear
fitting for CD ICS 4(12) and CD ICS 6(14), respectively.
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Figure 3.19: Experimental data and B.E.T. fitting of CH3Cl adsorption of a)
CDICS 4 (12) and b) CD ICS 6(14) at room temperature.
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Figure 3.20: Experimental data and Freundlich fitting of CH3Cl adsorption of a)
CDICS 4 (12) and b) CD ICS 6(14) at room temperature.
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Figure 3.21: Experimental data and Langmuir fitting of CH3Cl adsorption of a)
CDICS 4 (12) and b) CD ICS 6(14) at room temperature.
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Table 3.4 below shows the value of calculated fitting parameters for CH3Cl
adsorption of CD ICS 4(12) and CD ICS 6(14) fitted by Langmuir, BET and
Freundlich model of gas adsorption. The goodness of the fit was assessed by
evaluating the sums of square of residuals (SSR).
N

SSR =

(X
i 1

i ,exp erimental

 X i ,calculated ) 2 .......... .(3.1)

where Xi represents data points at various pressure and volume co-ordinates for
N data points.
Table 3.4: Calculated Fitting Parameters for CH3Cl adsorption at room
temperature.

Adsorption Isotherm

Value of fitting Value of fitting
parameter for
parameter for
CD ICS 4(12)
CD ICS 6(14)

Langmuir
P P
1


V Vu bVu

Vu =
49.16
cm3/g

b=
0.004
g/cm3

Vu =
52.73
cm3/g

b=
0.004
g/cm3

BET
 C  1  P 
P
1
 

 
V P0  P  Vu C  Vu C  P0 
Freundlich
1
ln V  ln k f  ln P
n

Vu =
8.04
cm3/g

C=
-3.61

Vu =
7.58
cm3/g

C=
-2.26

n = 2.37

k=
2.41

n=
2.48

k=
2.92

V is the adsorbed volume of gas (cm3/g of adsorbent) at pressure (P)
P0 is saturation vapor pressure of the gas
Vu is volume of the monolayer (cm3/g of adsorbent)
b is Langmuir constant characteristic of the system under study
C is the BET constant
n and kf are the Freundlich constants
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Deviation from the Langmuir isotherm occurs when its assumptions (monolayer
coverage, non-interaction of species on the surface, equivalent surface sites)
break down. Since the isotherms deviate from the Langmuir model, it is obvious
that the adsorption process is not monolayer.
Since the BET and Freundlich models gave the best fit among the various
models studied. Hence the nature of the adsorption can be interpreted as that of
multi-layer adsorption. The negative value of C for BET constant is indicative of
microporosity. The value of Vu determined from Langmuir fitting and that of
BET fitting are different. A possible explanation for this could be due to the fact
that BET isotherm often underestimates the amount of adsorption at low
pressure and overestimates it at higher pressure values. As a result, the surface
area values calculated from the BET isotherm are generally lower than the
experimental values from nitrogen porosimetry. But the value calculated from
Langmuir isotherm corresponds closely to the experimental value from nitrogen
porosimetry.
Table 3.5: Calculation of the Surface Area for CH3Cl sorption isotherm at room
temperature.
Surface Area

CD ICS 4(12) CD ICS 6(14)
(m2/g)
(m2/g)
Calculated from Langmuir isotherm
521
560
Calculated from BET isotherm
85
81
a
Experimental value from N2 adsorption
504
591
a
BET surface area value obtained from Nitrogen porosimetry at 77 K
The BET surface area calculated from CH3Cl adsorption is lower than the BET
surface area value obtained from Micromeritics data (see Table 3.5). This
difference in surface area can be attributed to the difference of adsorbate gas
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(CH3Cl and N2) and also the difference in the temperature at which the
experiments were performed. The adsorption of CH3Cl occurs at room
temperature; however, the adsorption of N2 occurs at 77 K. The anticipated
number of multilayers formed in case of CH3Cl adsorption is much less than that
formed in case of N2 adsorption. Moreover, N2 is a smaller molecule than CH3Cl
and the shape of the N2 molecule is linear, whereas for CH3Cl it is a pyramidal
molecule. As a result the BET surface area value calculated from CH3Cl
adsorption is lower than that obtained from N2 adsorption and may be attributed
to the difference in micropore filling of each respective gas because of the
Kelvin effect.
3.3.2. p-Nitrophenol Adsorption (Solid-Solution Adsorption)
The sorption isotherms in aqueous solution were determined from equilibrium
adsorption of p-nitrophenol using UV-Vis spectrophotometry. The results were
evaluated using the Langmuir, Freundlich and B.E.T. models of adsorption.
Figures 3.22 to Figure 3.26 show the fitting of the adsorption isotherms obtained
for CD ICS 2 (12), CD ICS 4 (12), CD ICS 6 (12), CD ICS 6 (14) and CD ICS
6(16).
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Figure 3.22: Experimental data and fitting of sorption isotherms CD ICS 2(12)
using p-nitrophenol at pH 5.0 in 0.1 M CH3COOH/CH3COONa buffer.

Figure 3.23: Experimental data and fitting of sorption isotherms CD ICS 4(12)
using p-nitrophenol at pH 5.0 in 0.1 M CH3COOH/CH3COONa buffer.
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Figure 3.24: Experimental data and fitting of sorption isotherms CD ICS 6(12)
using p-nitrophenol at pH 5.0 in 0.1 M CH3COOH/CH3COONa buffer.

Figure 3.25: Experimental data and fitting of sorption isotherms CD ICS 6(14)
using p-nitrophenol at pH 5.0 in 0.1 M CH3COOH/CH3COONa buffer.
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Figure 3.26: Experimental data and fitting of sorption isotherms CD ICS 6(16)
using p-nitrophenol at pH 5.0 in 0.1 M CH3COOH/CH3COONa buffer.
Among the various models, the BET model gave the best fit for all CD ICS
materials, the nature of the adsorption can be interpreted as that of multilayer
adsorption. For higher Qe values (i.e. for lower mass of adsorbent), the error is
greater. On the other hand, error is lower for smaller Qe values (i. e. for higher
mass of adsorbent). Adsorption is more prominent in the region of higher mass
of adsorbent. Consequently, the adsorption isotherm models generally fit better
for lower Qe values i.e. the region in which maximum adsorption occurs and vice
versa for higher Qe values. As a result, in most of the isotherms the uppermost
points i.e. the value with highest Qe does not fit with any isotherm model (see
Figures 3.23 to 3.26).
Figure 3.27 shows a comparison of adsorption capacity for materials synthesized
using same surfactant but with different CD loading.
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Figure 3.27: Comparison of adsorption capacity of CD ICS 2(12), CD ICS
4(12) and CD ICS 6(12) for sorption of p-nitrophenol at room temperature.

With an increase of CD loading, the value of Ce the equilibrium concentration of
p-nitrophenol decreases accordingly. When pristine HMS silica was treated with
p-nitrophenol, no p-nitrophenol adsorption was observed. Similar observations
were found by Mercier et al.60 for CD HMS materials due to an adsorption
process solely driven by the non-covalent interactions of the guest p-nitrophenol
and host adsorbent. Therefore the observed sorption can be attributed to
cyclodextrin inclusion of p-nitrophenol.
With an increase of CD loading, the adsorption of p-nitrophenol increases, as
observed for an increase in adsorption for CD ICS 6(12) in comparison to CD
ICS 2(12). Although the increase is not very high, the reason is that for CD ICS
materials prepared by same surfactant, the pore volume and surface area
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decrease despite the increase in CD loading. Such changes in surface properties
are reflected in the sorption property of the materials synthesized with same
SDA. As the surface area and pore volume decreases, the degree of sorption
decreases. This is understood in terms of the steric restriction of p-nitrophenol
molecules in accessing the CD molecules located deep inside the silica
mesostructure.
An increase of the alkyl chain length of SDA provides larger mesostructures
with higher surface area and pore volume characteristics. The result is a
remarkable increase in sorption capacity for system with different alkyl chain
length of SDA with the same CD loading, as shown below (see Figure 3.28). For
a given value of Ce, the equilibrium concentration of p-nitrophenol decreases
from 310-2 mmol/L for CD ICS 6(12) to 510-3 mmol/L for CD ICS 6(16).

Figure 3.28: Comparison of experimental adsorption capacity of CD ICS 6(12),
CD ICS 6(14) and CD ICS 6(16) for sorption of p-nitrophenol at room
temperature.
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Among all the nine CD ICS materials, the CD ICS 6(16) is the material which
has both highest CD loading and highest surface area and pore volume. So, it
gives the maximum sorption.
Distribution coefficients
The distribution coefficient Kd is defined as follows

Kd 

C

i

 C f Vsol

C f mads

) ……………………(3.2)

Ci is initial concentration of p-nitrophenol in solution (mmol)
Cf is final concentration of p-nitrophenol after adsorption (mmol)
Vsol is the volume of solution (mL)
mads is the amount of adsorbent used (g).
The value of log Kd against the mass of adsorbent was plotted. With increase of
mass of adsorbent the value of logKd decreases in a monotonic fashion (see
Figure 3.29).

Figure 3.29: Plot of log Kd vs. Mass of adsorbent for a) CD ICS 2(12) b) CD
ICS 4(12) and c) CD ICS 6(12) for sorption of p-nitrophenol at room
temperature.
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.
This type of adsorption behavior is typical for materials that have appreciable
binding interactions with targeted guest compounds because adsorbents with
specific binding sites are most effective for binding when these sites are largely
unoccupied by the adsorbate. As the number of available sites become occupied,
the binding affinity of the material decreases, in accordance with the predictions
according to the Langmuir equilibria. Similar observation were reported by
others.95, 96
Kinetics of adsorption
Kinetic adsorption of p-nitrophenol with CD ICS at room temperature yielded
the following plot (see Figure 3.30).

Figure 3.30: Kinetic sorption isotherm of CD ICS 6(16) with p-nitrophenol at
pH 5.0 in 0.1 M CH3COOH/CH3COONa buffer obtained at room temperature.
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The uptake of p-nitrophenol by CD ICS is relatively rapid reaches the maximum
adsorption capacity near a 60 min of exposure time. The fast adsorptivity
exhibited by CD ICS can be attributed to the open framework nature of the
mesoporous adsorbents, resulting in greatly improved access of the targeted
adsorbate molecules to the cyclodextrin binding sites.
Figure 3.31 shows the fitting of the kinetic data where ln (Xe – X) versus time
was plotted. Xe refers to the amount of adsorbate adsorbed within the sorbent
material after reaching equilibrium, while X is the amount of adsorbate adsorbed
at any particular time (t). The resulting adsorption rate constant is 5.910-2 min-1.

Figure 3.31: Linearized fitting of CD ICS 6(16) with first order kinetic model
for data obtained at room temperature as described in Figure 3.30.
The fitting of experimental data with first order kinetic model indicates that the
adsorption of p-nitrophenol is governed by the concentration of p-nitrophenol
only. For such process the rate expression is given by equation (3.3),
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 [ pNP] 
Rate  
  k obs [ pNP]......... ......( 3.3)
 dt 

where k obs is rate constant and [ pNP] is the concentration of p-nitrophenol in
the solution at any time (t).
The integrated form of the above equation is as follows
ln[ pNP]  ln[ pNP]0  kobs t.......... .....( 3.4)
ln[ X e  X ]  ln[ X ]0  kobs t.......... .....( 3.5)

where [ X e  X ] is the concentration of p-nitrophenol at any time (t), [ X e ] is the
concentration of p-nitrophenol after reaching equilibrium, [X]0 is the initial
concentration of p-nitrophenol before adsorption.
Consequently, a plot of t vs. ln[ X e  X ] will give a straight line, where, the
slope k obs denotes the observed rate constant.
Mercier et al.60 incorporated CD within the mesoporous framework by using the
following triethoxysilane linker APS β-CD with dodecylamine surfactant.

84

OH
HO

O

O

O
OHOHO

OH
O
HO

HO
O
OH

N
ONa

N

OH
O
OH

OH
O
OH

HO

R=
O

HO

O

R
O

N
HN
OH

OH
OH O

OH
OOH

O

Si(OEt)3
O
OH

APS CD
Figure 3.32: APS β-CD reported by Mercier et al.60

In this study, we have used the ICL linker because the materials described by
Mercier (see Figure 3.32) were found to be unstable in aqueous solution. The
CD ICL precursor outlined in Figure 3.33 was utilized because the urethane
bond linker and β-cyclodextrin was anticipated to withstand hydrolysis and have
greater stability.
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Figure 3.33: Molecular structure of CD ICL, the silica precursor used in the cocondensation with TEOS to form hybrid silica materials with grafted βcyclodextrin.

We have independently synthesized CD HMS materials and confirmed
Mercier’s results. However, the CD HMS materials do not have favorable
sorption properties as previously reported in aqueous solution because of
hydrolysis of MCT linker. APS β-CD was used for synthesis of CD HMS. 3aminopropyltriethoxysilane (APS) part of the molecule of APS β-CD interacts
with p-nitrophenol97 via hydrogen bonding and results in shifts of the λmax as
shown by the following UV-Visible spectra (Figure 3.34).
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Figure 3.34: UV-Visible spectra showing the effect of APS on p-nitrophenol.
a) 10-4 M neutral p-nitrophenol without APS, b) 100 µL (~ 100 mg) APS with 10
ml 10-4 M p-nitrophenol, c) 200 µL (~ 200 mg) APS with 10 ml 10-4 M pnitrophenol, and d) 300 µL (~ 300 mg) APS with 10 ml 10-4 M p-nitrophenol.
As the content of APS increases, the peak at 400 nm for basic p-nitrophenol
increases in intensity. The λmax at 400 nm is typically observed for p-nitrophenol
at elevated pH values, when it is in its ionized form. The appearance of the
ionized form of the p-nitrophenol was prevented by carrying out the sorption
experiments in aqueous solutions buffered at reduced pH = 7.45.
The result was also supported by IR spectroscopy. IR spectra of CD HMS were
taken before and after adsorption of p-nitrophenol from aqueous solution. After
the adsorption of p-nitrophenol, IR bands around 1600 cm-1 due to C=N
stretching frequency and 1512 cm-1 due to C-C aromatic skeletal vibration of
cyanuric chloride from APS β-CD are lost with concomitant increase of the
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vibrational band around 1080 cm-1 due to Si-O-Si stretching from silica network
(see Figure 3.35).

Figure 3.35: IR spectra of CD HMS a) before adsorption of p-nitrophenol b)
after adsorption of p-nitrophenol in millipore water c) after adsorption of pnitrophenol at pH 7.45 in 0.1 M KH2PO4/NaOH buffer at room temperature.
Table 3.6 shows the comparison of surface properties of CD HMS materials
synthesized by Mercier et al.60 with an equivalent amount of CD ICS (12)
materials synthesized using dodecylamine as SDA.
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Table 3.6: Comparison of Surface Properties of CD ICS Materials with CD
HMS materials as obtained from nitrogen porosimetry
Material

BET Surface
Area
(m2/g)
630.3
547.0
504.3
319.0
307.0
197.0

CD ICS 2(12)
CD HMS 2%a
CD ICS 4(12)
CD HMS 4%a
CD ICS 6(12)
CD HMS 6%a
a
From Reference 60

Pore Volume
(cm3/g)
0.67
0.51
0.51
0.26
0.21
0.21

CD ICS materials have greater surface area and pore volume compared to CD
HMS materials. The reason for superior surface properties of CD ICS is due to
use of different linker, i.e. CD ICL, and is smaller than the bulky linker APS βCD used by Mercier et al.60
One of the prime objectives of this research was to synthesize a mesoporous
material with higher CD loading, but also possessing a greater surface area and
pore volume. By increasing the alkyl chain length of the SDA, these objectives
have been met in this research. Table 3.7 shows the variation of the length of
alkyl chain length of SDA considerably changes the surface properties.
Table 3.7: Variation of Surface Properties with change of surfactant.
Material
CD HMS 6%a
CD ICS 6(12)
CD ICS 6(14)
CD ICS 6(16)
a
From Reference 60

BET Surface
Area
(m2/g)
197.0
307.0
591.8
656.8
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Pore Volume
(cm3/g)
0.21
0.21
0.42
0.47

CD ICS and CD HMS materials show comparable sorption from the gas phase.
Figure 3.36 below shows the CH3Cl sorption isotherm of CD ICS and CD HMS
materials.

Figure 3.36: Comparison of CH3Cl sorption of a) CD ICS with b) CD HMS at
ambient temperature. The poor fits are not shown because they do not have a
suitable sum of square of residuals.
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CD ICS materials show superior sorption affinity towards p-nitrophenol than the
CD HMS materials. Table below is showing the comparison of sorption of pnitrophenol from solution for CD ICS and CD HMS materials.
Table 3.8: Comparison of p-nitrophenol sorption of CD ICS with CD HMS
obtained at room temperature.
Material
(500 mg)
CD ICS 2
CD HMS 2%a
CD ICS 4
CD HMS 4%a
CD ICS 6
CD HMS 6% a
CD ICS 6(14)
CD ICS 6(16)
a
From reference 60
C0 = 10.0  10-2 mmol/L.

Adsorption
capacity (mmol/g)

p-nitrophenol
adsorbed (mol%)

5.7  10-3
3.3  10-3
6.2  10-3
2.1  10-3
6.5  10-3
3.4  10-3
6.6  10-3
7.6  10-3

61%
Not reported
65%
Not reported
68%
Not reported
73%
84%
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
Composite mesoporous silica materials containing microporous βcyclodextrin were prepared by covalently grafting β-CD to the walls of the
mesoporous silica channels. The materials were synthesized by a sol-gel process
that utilized three different neutral surfactants with variable alkyl chain length
(dodecylamine,

tetradecylamine

and

hexadecylamine).

β-cyclodextrin

functionalized mesoporous silica (CD ICS) materials were synthesized by cocondensation of a β-CD functionalized triethoxysilane (CD ICL) with TEOS in
the presence of a structure directing agent (SDA) or surfactant and a pore
expander (TMB). In total, nine CD ICS materials were synthesized by varying
the molar percentage of β-CD incorporation with respect to TEOS at 2%, 4%
and 6% of β-CD.
CD ICL was prepared by reacting β-CD with 3-isocyanatopropyl triethoxy
silane (ICL) at 700C in dry pyridine. The identity of the product CD ICL was
confirmed by IR spectroscopy due to the complete disappearance of the
isocyanato group at 2270 cm-1. According to the 1H NMR results of CD ICL,
four isocyanate linkers were covalently attached to one molecule of β-CD at
random positions 2-, 3-, or 6- hydroxyl groups of the β-cyclodextrin macrocycle.

92

The incorporation of β-cyclodextrin within the mesoporous framework was
supported by IR, Raman, MALDI TOF MS and solid state

13

C NMR CP MAS

results. The IR spectra of CD ICS showed vibrational bands at 1050-1150 cm-1,
and are characteristic of siloxane condensation. The bands observed in the IR
spectra of CD ICL overlapped with the characteristic bands of CD ICS thereby
showing successful incorporation of β-cyclodextrin within the mesostructure
framework. The Raman spectra showed characteristic peaks at 3650-3000 cm-1
and 3000-2800 cm-1 which are attributed to O-H and C-H stretching,
respectively. Incorporation of β-cyclodextrin within the mesostructure was also
supported by MALDI TOF mass spectrometry results from the two peaks at m/z
1157 a.m.u. and 1173 a.m.u. values due to [β-CD + Na]+ and [β-CD + K]+,
respectively. The mass spectrometry results provide direct evidence of the
desorption of covalently bound β-CD from the mesoporous framework. The
solid state 13C NMR CP MAS results showed 13C NMR peaks in the region δ =
60-110 ppm due to the

13

C nuclei of β-cyclodextrin. The higher field

13

C NMR

signals δ < 60 ppm were attributed to those of the ICL linker and provide further
support for covalent immobilization of β-CD onto the silica framework.
Additional peaks at 14, 126 and 130 ppm were due to TMB (pore expander),
indicating incomplete removal of the pore expander because of occlusion within
the framework during the sol-gel synthesis.
Small angle X-ray diffraction patterns of the CD ICS materials showed a
large intensity and sharp low angle diffraction peak at 2θ ≈ 2.20, corresponding
to the presence of an ordered silica mesostructure framework. TGA of the
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surfactant containing CD ICS materials showed a weight loss in the region
1000C to 2000C, which is attributed to loss of physisorbed surfactant and the
pore expander. The differential thermograms revealed that the decomposition
temperature of the cyclodextrin in the composite silica CD ICS materials
(3240C) was higher than the melting point of native β-CD (2800C), providing
additional evidence of successful covalent attachment of β-cyclodextrin onto the
silica network.
Nitrogen adsorption-desorption isotherms showed that an increase in alkyl chain
length of the surfactants resulted in larger mesostructures with greater surface
areas and pore volumes. CD ICS materials were found to be effective as sorbents
for adsorbates in the gas (CH3Cl) and aqueous (p-nitrophenol) phases
respectively. BET and Freundlich models gave the best fits for adsorption of
CH3Cl gas. Sorption isotherms of p-nitrophenol from aqueous solution
conformed to the BET model. The results suggest that the adsorption of CH3Cl
and p-nitrophenol in CD ICS materials adopts a multilayer adsorption profile.
The composite materials (CD ICS) will contribute positively to industrial
applications related to sorption phenomena and chemical separations involving
the remediation of water and other aqueous phases containing organic
compounds, namely, p-nitrophenol. They will also be effective in the removal of
gas phase adsorbates or volatile organic compounds (e.g. CH3Cl).
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4.2 Future Work
Future research in the area of composite silica mesoporous materials could
be addressed in the three specific areas: synthesis, characterization and sorption
studies.
A major drawback of the synthesis of CD ICS materials described in this
thesis is the incomplete removal of the pore expander (TMB). Synthesis of CD
ICS may be done without a pore expander by careful selection of the appropriate
SDA. Instead of neutral amine surfactant, alternative structure directing agents,
such as, quaternary ammonium surfactants,98-100 anionic surfactants,101-104
nonionic

triblock

copolymers105-108

may

be

supramolecular compounds, such as, crown ethers,

employed.
109

Alternative

or calixarenes65,

110

or

cyclams111 hosts may be attached to the silica framework instead of
cyclodextrins. Calixarenes or cyclams covalently bound to the silica network
will be effective for the extraction of metal ions from aqueous solution.112
Further characterization of CD ICS materials can be addressed by using
solid state 29Si NMR MAS spectroscopy. In order to explore the morphology of
CD ICS materials, in further details, polarization dependence studies using
micro-Raman spectroscopy may be employed113 These structural studies will
provide information about the silica framework and the nature of the attachment
of macrocycles to the surface of the mesoporous network.
The sorption properties of CD ICS materials may be investigated using
other aqueous contaminants, for example, dibenzofuran, naphthenic acids and
other types of PAH’s. Variable temperature sorption studies can be performed in

95

order to exploit the effectiveness of sorption of the CD ICS materials at these
conditions to further understand the thermodynamics of the sorption process.
The kinetics of sorption can be obtained by studying the time dependence of
sorption phenomena to further understand the mechanism of sorption of such
composite mesoporous materials.
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APPENDICES

A.1: MALDI TOF MS of CD ICS 2 (12).

A.2: MALDI TOF MS of CD ICS 6 (12).
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A.3: MALDI TOF MS of CD ICS 2 (14).

A.4: MALDI TOF MS of CD ICS 4 (14).
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A.5: MALDI TOF MS of CD ICS 6 (14).

A.6: MALDI TOF MS of CD ICS 4 (16).
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A.7: MALDI TOF MS of CD ICS 6 (16).

A.8: Solid state 13C NMR CP MAS of CD ICS 2 (12) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.

104

A.9: Solid state 13C NMR CP MAS of CD ICS 4 (12) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.

A.10: Solid state 13C NMR CP MAS of CD ICS 6 (12) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.
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A.11: Solid state 13C NMR CP MAS of CD ICS 4 (14) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.

A.12: Solid state 13C NMR CP MAS of CD ICS 6 (14). at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.
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A.13: Solid state 13C NMR CP MAS of CD ICS 2 (16) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.

A.14: Solid state 13C NMR CP MAS of CD ICS 4 (16) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.
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A.15: Solid state 13C NMR CP MAS of CD ICS 6 (16) at room temperature
obtained at 150.8 MHz and room temperature with a spinning speed of 16 kHz.

A.16: Infrared Spectra of a) CD ICS 2(12) b) CD ICS 4(12) and c) CD ICS
6(12) and d) CD ICL at room temperature.
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A.17: Infrared Spectra of a) CD ICS 2(16) b) CD ICS 4(16) and c) CD ICS
6(16) and d) CD ICL at room temperature.

A.18: Calculation of surface Area of CD ICS 4(12) from CH3Cl gas adsorption
at room temperature
The following example shows the calculation of surface area from Langmuir
model for CD ICS 4(12).
According to Langmuir isotherm

P P
1


........( A.1)
V Vu bVu

From nonlinear Langmuir fitting Vu = 49.16 cm3/g
VSTP 

RTSTP
.......... .( A.2)
PSTP

R = universal gas constant = 0.08206 dm3atmK-1mol-1
TSTP = absolute temperature = 298.15 K
PSTP = absolute pressure = 0.98685 atm
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Putting the value of R, TSTP and PSTP in the equation, V STP 

RT STP
, the value of
PSTP

VSTP= 24792.40 cm3
No of molecules in unimolecular layer =

Vu N A
.......... ...( A.3)
VSTP

Where NA = Avogadro number = 6.02214  1023
Putting the value of Vu, NA and VSTP the number of molecules in unimolecular
layer = 1.19  1021
Assuming that molecule has same volume as a molecule in liquid state, the
volume of one gas molecule can be calculated from the following equation
Volume of one gas molecule of CH3Cl is Vmolecule =

MolarMass
.............(A.4)
N A  CH 3Cl

Molar mass of CH3Cl = 50.488 a.m.u., NA = 6.02214  1023
And density of CH3Cl = 0.9159 g/cm3
From these values,
Volume of one gas molecule of CH3Cl is Vmolecule = 9.1535  10-23 cm3
surface area of a single molecule (assuming cubic geometry)
Area = (Vmolecule )2/3 = 4.3758  10-15 cm2
Surface area per gram of adsorbent can be calculated as
Area/g = (Area) (number of molecules) = 5.21  106 cm2/g = 521 m2/g
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A.19: Experimental data and equation for analysis of error for sorption of pnitrophenol in CD ICS
The following equation was used to calculate the value of χ2 (as it appears in
Tables A.8)
10

 
2

Q

e ,experimental

 Qe,theoritical

 .......... .( A.5)
2

Qe,theoritical
where, Qe, experimental and Qe, theoretical are observed and expected value of the
i 1

equilibrium concentration of p-nitrophenol adsorbed in CD ICS.
A.20: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 2(12)
Mass (g)
Co
Ce
Qe
χdistribution
(mmol/L)
(mmol/L)
(mmol/g)
1.00010-3
9.49910-2
8.81210-2
1.37410-1
9.87010-1
3.00010-3
8.73310-2
5.11010-2
9.96910-1
6.00010-3
8.68210-2
2.72110-2
9.98810-1
-2
-2
-2
1.00010
8.43410
2.13010
9.99110-1
2.50010-2
7.96610-2
1.22610-2
9.99610-1
5.00010-2
7.38810-2
8.44210-3
9.99710-1
-2
-2
-3
7.50010
6.90010
6.92310
9.99810-1
1.00010-1
6.52210-2
5.95310-3
9.99810-1
2.50010-1
4.74010-2
3.80710-3
9.99910-1
-1
-2
-3
5.00010
3.71510
2.31410
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel
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A.21: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 2(16)
Mass (g)
Co
Ce
Qe
χdistribution
(mmol/L)
(mmol/L)
(mmol/g)
1.00010-3
9.34010-2
8.80210-2
5.37610-2
9.96710-1
3.00010-3
8.62310-2
2.38910-2
9.99010-1
6.00010-3
8.34410-2
1.65910-2
9.99410-1
-2
-2
-2
1.00010
7.99610
1.34410
9.99610-1
2.50010-2
7.19010-2
8.60110-3
9.99810-1
5.00010-2
6.50310-2
5.67410-3
9.99910-1
-2
-2
-3
7.50010
5.99510
4.46010
9.99910-1
1.00010-1
5.53710-2
3.80310-3
9.99910-1
2.50010-1
3.61610-2
2.29010-3
9.99910-1
5.00010-1
2.25210-2
1.41810-3
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel
A.22: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 4(12)
Mass (g)
Co
Ce
Qe
χdistribution
(mmol/L)
(mmol/L)
(mmol/g)
1.00010-3
9.79810-2
9.16110-2
6.37110-2
9.95810-1
3.00010-3
8.87210-2
3.08610-2
9.98510-1
-3
-2
-2
6.00010
8.51410
2.14010
9.99110-1
1.00010-2
8.18510-2
1.61310-2
9.99510-1
2.50010-2
7.38810-2
9.63710-3
9.99710-1
-2
-2
-3
5.00010
6.64210
6.31110
9.99910-1
7.50010-2
6.14410-2
4.87110-3
9.99910-1
1.00010-1
5.74610-2
4.05110-3
9.99910-1
-1
-2
-3
2.50010
4.37210
2.17010
9.99910-1
5.00010-1
3.44610-2
1.27010-3
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel
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A.23: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 4(16)
Mass (g)
Co
Ce
Qe
χdistribution
(mmol/L)
(mmol/L)
(mmol/g)
1.00010-3
9.34010-2
8.91210-2
4.28110-2
9.97710-1
3.00010-3
8.70310-2
2.12410-2
9.99210-1
6.00010-3
8.46410-2
1.46010-2
9.99510-1
-2
-2
-2
1.00010
7.98610
1.35410
9.99610-1
2.50010-2
7.19010-2
8.60110-3
9.99910-1
5.00010-2
6.49310-2
5.69410-3
9.99910-1
-2
-2
-3
7.50010
5.57710
5.01710
9.99910-1
1.00010-1
5.17910-2
4.16110-3
9.99910-1
2.50010-1
2.94810-2
2.55610-3
9.99910-1
5.00010-1
1.86410-2
1.49510-3
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel
A.24: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 6(12)
Mass (g)
Co
Ce
Qe
χdistribution
(mmol/L)
(mmol/L)
(mmol/g)
1.00010-3
9.62910-2
8.91210-2
7.16810-2
9.95010-1
3.00010-3
9.04110-2
1.95810-2
9.99310-1
-3
-2
-2
6.00010
8.73310
1.49310
9.99510-1
1.00010-2
8.36410-2
1.26410-2
9.99610-1
2.50010-2
7.61810-2
8.04410-3
9.99810-1
-2
-2
-3
5.00010
6.63210
5.99310
9.99910-1
7.50010-2
6.04510-2
4.77910-3
9.99910-1
1.00010-1
5.59710-2
4.03210-3
9.99910-1
-1
-2
-3
2.50010
4.19310
2.17410
9.99910-1
5.00010-1
3.12810-2
1.33810-3
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel
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A.25: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 6(14)
Mass (g)
Co
Ce
Qe
χdistribution
(mmol/L)
(mmol/L)
(mmol/g)
1.00010-3
9.22110-2
8.85210-2
3.68310-2
9.98110-1
3.00010-3
8.88210-2
1.12810-2
9.99710-1
-3
-2
-3
6.00010
8.73310
8.13010
9.99810-1
1.00010-2
8.56310-2
6.57010-3
9.99910-1
2.50010-2
8.16510-2
4.22110-3
9.99910-1
-2
-2
-3
5.00010
7.66710
3.10610
9.99910-1
7.50010-2
7.14010-2
2.77410-3
9.99910-1
1.00010-1
6.36310-2
2.04110-3
9.99910-1
-1
-2
-3
2.50010
4.10410
1.71110
9.99910-1
5.00010-1
2.51110-2
1.34210-3
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel

A.26: Experimental data and value of χdistribution* for sorption of
p-nitrophenol in CD ICS 6(16)
Mass (g)

Co
(mmol/L)

Ce
(mmol/L)

Qe
(mmol/g)

χdistribution

1.00010-3
9.32010-2
8.99210-2
3.28510-2
9.98410-1
3.00010-3
8.87210-2
1.49310-2
9.99510-1
6.00010-3
8.58310-2
1.22810-2
9.99610-1
-2
-2
-2
1.00010
8.28510
1.03510
9.99710-1
2.50010-2
7.43910-2
7.52610-3
9.99810-1
5.00010-2
6.53310-2
5.57410-3
9.99910-1
-2
-2
-3
7.50010
5.49710
4.66210
9.99910-1
1.00010-1
4.99910-2
4.11510-3
9.99910-1
2.50010-1
2.90910-2
2.56410-3
9.99910-1
-1
-2
-3
5.00010
1.48510
1.56710
9.99910-1
*
obtained using 3 degrees of freedom (Ce, Qe, and m) according to the
calculation provided within the built in χ function provided by MS Excel
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A.27: Error analysis for p-nitrophenol sorption in CD ICS materials

CD ICS 2(12)

Langmuir
χ2
SSR
-1
10
10-4
9.99
2.29

BET
χ2
SSR
-1
10
10-4
9.99
82.6

Freundlich
χ2
SSR
-1
10
10-4
9.99
125

CD ICS 2(16)

10.0

0.759

10.0

2.04

9.99

14.2

CD ICS 4(12)

10.0

0.193

10.0

3.81

9.99

13.5

CD ICS 4(16)

10.0

6.09

10.0

2.50

9.99

7.59

CD ICS 6(12)

9.99

29.0

9.99

29.2

9.99

31.3

CD ICS 6(14)

9.99

6.92

9.99

6.90

9.99

9.27

CD ICS 6(16)

10.0

3.75

10.0

2.40

9.99

4.74

CD ICS
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