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Abstract

Ordered mesoporous silica materials, also called OMS, are a groups of silica nanomaterials with
ordered pores, which size can be from 2 to 50 nm. They have been used a lot since 1990 in
several fields such as drug delivery, adsorption, separation and catalysis. The most widely known
OMS is SBA-15, but COK-12, wich was discovered in 2010, has analogous properties and it’s
synthesis shows some advantages in comparison to SBA-15. COK-12 synthesis takes place at
room temperature and almost neutral pH and it’s quicker, more inexpensive and environmetally
friendly.

In this thesis two different synthesis methods of the ordered mesoporous silica material COK-12
were studied, in order to find the best synthesis method according to the properties requirements
in each case. In each of both synthesis methods there were some variations in the process and the
changing properties of the final product were studied, specially the pore morfology and the
surface characteristics.

As COK-12 has applications in catalysis and adsorption, spheres and membranes with COK-12
in different compositions were produced in this work. The results are shown in this thesis.



Kurztassung

Ordered Mesoporous Silica Materialien, auch OMS genannt, sind eine Gruppe von
Siliciumdioxid-Nanomaterialien mit geordneten Poren, deren Grof3e von 2 bis 50 nm liegen kann.
Sie wurden seit 1990 in mehreren Bereichen wie Drogenabgabe, Adsorption, Trennung und
Katalyse verwendet. Das bekannteste OMS ist SBA-15, aber COK-12, das 2010 entdeckt wurde,
hat analoge Eigenschaften und seine Synthese zeigt einige Vorteile im Vergleich zu SBA-15. Die
COK-12-Synthese erfolgt bei Raumtemperatur und nahezu neutralem pH-Wert und ist schneller,
preiswerter und umweltfreundlicher.

In dieser Arbeit wurden zwei verschiedene Synthesemethoden des geordneten mesopordsen
Siliciumdioxidmaterials COK-12 untersucht, um das beste Syntheseverfahren nach den jeweiligen
Eigenschaftsanforderungen zu vervollstindigen. Bei jedem der beiden Synthesemethoden gab es
einige Variationen in dem Verfahren und die sich dndernden Figenschaften des Endprodukts
wurden untersucht, insbesondere die Porenmorfologie und die Oberflicheneigenschaften.

Da COK-12 Anwendungen in der Katalyse und Adsorption hat, wurden in dieser Arbeit Sphiren

und Membranen mit COK-12 in verschiedenen Zusammensetzungen hergestellt. Die Ergebnisse
werden in dieser Arbeit gezeigt.
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Introduction

Ordered mesoporous silica materials (OMS) have very interesting properties, such as controlled
size ordered pores fewer than 20 nm wide and large surface areas. They have many application
fields, for example, catalysis or drug delivery.

A relatively new OMS material, the COK-12, could be used a lot in the future, because it has
analogous properties to another OMS material which is being used nowadays, the SBA-15. But
the synthesis of COK-12 takes place at room temperature and almost neutral pH and it’s much
more environmentally friendly. The fact that COK-12 is formatted almost immediately could
theoretically permit it’s continuos synthesis.

The first part of this thesis is about the synthesis and batch upscaling of COK-12. The material
produced has been later used for investigation, which is also reported in this thesis. In this part,
the first purpose is to produce COK-12 in large quantities, maintaining its characteristic
mesostructure.

The second part of this thesis consist of a calcination temperature study in order to see how the
COK-12 and its pores change. As the calcination temperature used in the synthesis according to
Jammaer, et. al." is 500°C, calcination temperatures between 350°C and 900°C have been studied.
In this part, another method of elimination of P123 was studied. In stead of calcining the
copolymer, it was extracted with methanol, which is cheaper, quicker and with less environmental
impact. Keeping in mind that the properties of COK-12 change with different calcination
temperatures, the second purpose of this work is to report about the material characteristics at
each calcination temperature, trying to find the optimum depending on the properties needed for
each application.

The third part of this work deals with the production of spheres of alginate and COK-12. Two
methods were used: production with liquid nitrogen and production with calcium chloride. Using
the COK-12 produced in batch, spheres of diverse compositions were produced and later
analyzed in order to characterize them. The third purpose is to use the COK-12 in form of
spheres, which is interesting for some applications like water purification.

The fourth part of this thesis comprises the production of membranes or films compound of
alginate and COK-12. For its production, tape casting was used, freezing the solution almost
immediately with liquid nitrogen and later drying it in the freeze dryer. The last purpose of this
work is to produce membranes with COK-12 inside, which could be interesting for applications
such as catalysis.

Vi



This thesis is organized as follows:

Chapter 1 includes a historical overview of OMS materials, the synthesis mechanism of them and
the synthesis of COK-12.

Chapter 2 presents the characterization methods used throughout this work.

Chapter 3 includes the synthesis and upscaling of COK-12 with the different calcination
temperatures and the extraction with methanol as an alternative to calcination. It also describes
the production of spheres and films.

Chapter 4 presents the results of the thesis, discussing the calcination temperatures, the methanol
extraction and the characterization of spheres and films.

Chapter 5 summarizes the main results of this study and highlights future perspectives for this
work.

Vii



1. Literature review

1.1 General considerations on porous solids

There are many materials that contain pores, which are usually filled with a liquid or gas. The
skeletal material can be a solid or a foam. A porous solid is a solid that contains cavities, channels
or interstices which are deeper than they are wide. These cavities, or pores, are classified as
described in Table 1.1°

The porosity of a material is given in a percentage and it is a fraction of the volume of voids over

the total volume. Porosity is used in multiple fields, such as ceramics, metallurgy or engineering.

Table 1.1 Classification of pores according to the IUPAC.

Classification according to Type of pores Description
Size: Microporous <2 nm
Mesoporous 2-50 nm
Macroporous >50 nm
Availability to an external Closed pores Completely isolated pores
fluid: (Figure 1.1 a)
Open pores Continuous channel of

communication with external
surface (Figure 1.1 b, ¢, d, e, f)

Blind pores Open on one end
(Figure 1.1 b,f)
Through pores Open on two ends
(Figure 1.1 e)
Shape: Cylindrical Either open (Figure 1.1 ¢) or
blind (Figure 1.1 f)
Ink-bottle Figure 1.1 b
Funnel-shaped Figure 1.1 d
Slit-shaped Figure 1.1 ¢




Cc

Figure 1.1 Hlustrative cross-section of a porous solid?. For details see Table 1.1

1.2 Ordered mesoporous silica materials

Ordered mesoporous silica (OMS) materials were discovered in the early 1990s and have become
of interest for they special properties. OMS materials belong to the family of silica nanomaterials
and they have a structure of solid silica with ordered and equally distributed pores. Those pores
can be between 2 and 50 nm wide.

Ordered mesoporous materials have many application areas, such as drug delivery’,
electrochemestry®, sensing’, dioadsorption’®, separation” and catalysis®.

1.3 Synthesis of ordered mesoporous silica

1.3.1 Synthesis mechanism

Ordered mesoporous silica materials can be synthesized by two different templating methods:
soft-templating, which is based on a co-assembly of silica and surfactant molecules or hard-templating,
in which the structure-directing agent is a structured solid.

There are different mechanisms for the softtemplating of OMS. The first mechanism is called #ue
liguid crystal templating mechanism, in wich a high concentration of the templating surfactant leads
to the formation of mesophases prior to the addition of silica. The second mechanism is the
cooperative self-assembly mechanism, where the process of self-assembly occurs even at low
surfactant concentrations guided by the interactions between surfactant and silica’.
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Figure 1.2 True liquid crystal templating mechanism (a) and the cooperative self-assembly mechanism (b)
for production of MCM-41"".

Cooperative self-assembly

1.3.1.1 Processes involved in ordered mesoporous silica synthesis

In this work, the OMS has been synthesized following the precipitation protocol, which consists
of five steps: reaction, solid recovery, washing, drying and template removal.

The first step consists of two sub-steps: reaction and maturation. In the first sub-step, reactants
are mixed, they react and the solid phase precipitates. This precipitation can take more or less
time depending on the synthesis parameters. The maturation or aging sub-step is often required
to consolidate the silica walls by increasing the degree of condensation. In this step temperatures
up to 150 °C and maturation times up to 48 h can be required.

In the second step, solid recovery, vacuum filtration is usually used to separate the solid organic-
inorganic hybrid from the solvent. This step could be a difficulty in the continuous OMS
synthesis.

In the third step, washing, the recovered solid is washed in order to remove by-products and
other unwanted components. It can have an influence on the final properties of the material and
it is also useful, because it can help in the removal of the templating agent, reducing the amount

of energy that needed in the final step.

The fourth step, drying, takes place at temperatures between 50 and 80 °C and it can produce
some changes in the mesophase structure depending on the initial reaction conditions. Therefore,
the reaction time and the drying temperature should be controlled to obtain the wished
properties for the final material.



The most common method of template removal, which is the last step, is calcination and in some
cases extraction is also used. Calcination temperature has to be chosen depending on the
molecule used as a template. Higher calcinations temperatures imply that the template will be
completely removed, but it can also modify the properties and the chemical groups in the final
mesoporous material. A possibility to avoid it is to use longer calcinations times in stead of higher
temperatures. Calcination is more efficient than extraction, but with calcination the template gets
destroyed and can not be reused.

1.3.2 Synthesis of COK-12

COK-12 is produced in a faster, inexpensive and more environmentally-friendly way in
comparison to other OMS materials. It is synthesized at room temperature by incorporating a
solution of sodium silicate to a buffered (pH = 4-5) aqueous solution of spherical P123 micelles.
Details are explained in section 3.1.1.

The stages of formation of COK-12 can be observed in Figure 1.3, where there is a short
explanation of each step.

Figure 1.3 Schematic representation of the stages of formation of COK-12. (a) Silica species precipitate on
the PEO blocks of the spherical P123 micelles which are in solution. (b) At a critical silica concentration,
steric stabilization is lifted and (c, d) spherical micelles coalesce into cylinders that increase in size.
(e) Further addition of silica species leads to the aggregation of the cylinders and eventually to the
formation of a 2-dimentional hexagonally ordered mesostructure'".



1.4 Sphere production

Spheres is a very useful shape for some materials for further applications, like water purification,
where it is easier to remove the material if it is in form of spheres. Therefore, spheres consisting
partially of COK-12 have been studied durying this work. There are several ways to produce
spheres and in this work the spheres have been produced by dropping the different solutions into
liquid nitrogen or calcium chloride solutions, so that the spheres have been formed immediately
by shaping and solidification. The concrete procedure is explained in the experimental part of the
thesis.

1.5 Film production

As COK-12 has many application areas, there are some of them where it could be interesting to
have the OMS material in form of a film or membrane. Separation and catalysis are two examples
where it could be useful to have a film containing COK-12. To produce the films of the different
compositions, a freezing process with liquid nitrogen was used. The method is explained in detail

in the experimental part.



2. Characterization methods

In this section, the characterization techniques used to characterize the materials produced are
described. There is an overview of the technique, the information that can be obtained with each
technique and methods for sample preparation. Characterization of COK-12 materials and its
granules includes:

-Small-angle X-ray diffraction: pore ordering analysis

-Nitrogen sorption: pore shape analysis, determination of specific surface area, pore
volume and pore size distribution

-Transmission electron microscopy: pore size, shape and ordering analysis.

-Scanning electron microscopy: morphological analysis

-Infrared spectroscopy: analysis of chemical composition

-Energy-dispersive X-ray spectroscopy: elemental surface analysis

-Inductively coupled plasma optical emission spectroscopy: analysis of impurities
-Elemental analysis

2.1 Small-angle X-ray diffraction

Small-angle X-ray diffraction (SAXS) is used for the determination of the microscale or nanoscale
structure of particle systems in terms of such parameters as averaged pore sizes, shapes,
distribution, and surface-to-volume ratio. It’s a non-destructive and accurate method and it
usually requires only a minimum of sample preparation. For structural crystallographic analysis on
an atomic level, large 26 values are used. Using small 26 values (usually between 0.1° to 10°),
domains with larger dimensions can bestudied, between 1 and 200 nm (small-angle X-ray
diffraction, SAXRD). With SAXRD it is possible to determine the lattice parameter «, which
corresponds to the distance between the center of each pore, and the interplanar spacing  for a
given orientation.

Given their wavelength, X-rays can penetrate bulk solids and interact with matter, giving
information regarding the crystallographic or structural properties of the material. By measuring
the angle-dependent distribution of scattered radiation (intensity), it is possible to draw
conclusions about the average particle structure’.

Given that the radiation waves emitted by neighboring atoms are synchronized, coherent waves
are produced that result in constructive interference, which gives information about the particle

structure that depends on the angle of observation 26¢. This scattering of waves in
specificdirections is represented by Bragg’s law:

Zdhkl sin Hhkl =nAl
Where:

d: interplanar distance of the h&/ planes
0: scattering angle of the h&/ planes



n: positive integer naming the order of the reflection
A: wavelength of the incident wave

The scattering planes are recognized by the Miller indices (h£)).

v
.
¥-ray heam
%ﬁ,

sarmple in :
solUtion W-ray detector scattering cLrve

Figure 2.1 Schematic representation of the functioning of SAXS!S,

X ray beam

Crystal atoms
d
@ L © ® L o @

Figure 2.2 Bragg’s law of diffraction, in which three radiation waves of identical wavelength interact with
three atoms within crystalline solid and are scattered’.

For this work, small-angle X-ray diffraction curves were obtained using a Bruker

AXS D8 ADVANCE X-ray diffractometer with a Bragg—Brentano geometry equipped with

a Lynx Eye 1D detector (CuKal radiation wavelength 0.15406 nm). Measurements were

carried out between 0.5 and 6.0° 20 value, with a step time of 1 s/0.0003° at 35 kV and 40

mA and with a 280 mm sample-detector distance. The patterns were analyzed using the
Diffrac-Plus/EVA software from Bruker AXS, reflections were identified using the same
software.

2.2 Nitrogen sorption

The adsorption of nitrogen is a method used to determine the specific surface area of porous
materials. The relation between the amount adsorbed and the equilibrium pressure of nitrogen is
known as the adsorption isotherm. Depending on the size and shape of the pores, the physisorption
behavior varies.



Physisorption can be divided in two cases: In the case of pores less than 2nm wide (wicropore
filling), physisorption occurs in one single step. In the case of pores between 2 and 50 nm wide
(mesopores), physisorption is a two-step process, called monolayer-multilayer adsorption and capillary
condensation’.

When all the adsorbed molecules are in contact with the surface layer of the adsorbent,
monolayer adsorption occurs. In multilayer adsorption, by increasing the pressure, the adsorption
space accommodates more than one layer of molecules. Next step after monolayer-multilayer
adsorption is the capillary condensation, which occurs below the pure liquid’s saturation
pressure. During this step the remaining available pore space is filled with condensate that is
separated from the gas by a meniscus. This process differs from micropore filling in the fact that
there is no meniscus formation in the latter2.

Sorption data is presented graphically in the form of adsorption isotherms, plotting the amount
adsorbed against the equilibrium relative pressure. The International Union of Pure and Applied
Chemistry (IUPAC) has established an adsorption isotherms classification. (Figure 2.3)

Specific amount adsorbed n

Relative pressure p/p°
Figure 2.3 Types of adsorption isotherms as classified by IUPAC?2. See text for details.

Type I isotherm result from microporous solids with relatively small external surface.

Type 1I isotherm is obtained with a non-porous or macroporous adsorbent, in this type of
isotherm the point B indicates the stage at which monolayer coverage is complete and

multilayer adsorption begins.

Type III isotherms occur when there is a weak interaction between the adsorbate and adsorbent.
Type IV isotherms exhibit a characteristic hysteresis loop, which is associated to capillary
condensation, and also exhibits the initial monolayer-multilayer adsorption behavior. This type of
isotherm is very common for many industrial adsorbents.
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Type V isotherm is uncommon, and is also related to weak adsorbate-adsorbent interaction.
Type VIisotherm represents stepwise multilayer adsorption on a uniform nonporous surface.

Looking at the hysteresis in adsorption isotherms, information can be obtained. First, monolayer
adsorption occurs (Figure 2.4 A, B, C). The next step, capillary condensation, takes place by
increasing the pressure at a critical absorbed film thickness, so that the adsorbed volume
increases and it is associated with the pore dimensions (Figure 2.4 C, D). At the beginning of
desorption, evaporation occurs at lower relative pressures than condensation, so that the
hysteresis loop is formed (Figure 2.4 E, I¥). It is related to the pore opening.

Vads

® -
. -
E

Figure 2.4 Schematic representation of multilayer adsorption, pore condensation and hysteresis in a single
pore. (A) monoayer formation, (B) multilayer adsorption, (C-D) capillary condensation, (E) pore
evaporation by a receding meniscus, (F) desorption.

D

F

In Figure 2.5, four types of hysteresis can be seen. In hysteresis type H1, often associated with
mesoporous materials with uniform pore size and cylindrical, the two branches are almost vertical
and parallel over a large adsorbed volume range. It can be associated with mesoporous materials
with uniform pore size and cylindrical pores. Type H2 hysteresis is often associated with
spherical pores with narrow openings that connect them. Type H3 hysteresis is associated with
aggregates of plate-like particles that give rise to slit-like pores. In type H4, associated with
narrow slit-like pores, the branches are nearly horizontal and parallel.



H2

H3 H4

Amount odsorbed ——

Relative presdure —=

Figure 2.5 Types of hysteresis lopps as classified by IUPAC2

Nitrogen sorption isotherms were recorded at 77 K on a Quadra Sorb Station 4 apparatus

after degassing for 10 h at 200 °C under vacuum. Surface area was determined using the

BET method. Although the BJH method is widely accepted for the estimation of pore size
distribution for cylindrical pores, it can underestimate the size when pores are smaller than 5

nm in diameter. For this reason, the pore size distribution determination of cylindrical

mesopores was based on nonlocal density functional theory (NLDFT). Pore size distribution

of micropores was based on t-plot methods.  All data was analyzed using the
Quantachrome/QuadraWin software.

2.3 Scanning electron microscopy

A scanning electron microscope (SEM) scans a focused electron beam over a surface to create
high-resolution images. The electrons in the beam interact with the sample, producing various
signals that can be used to obtain information about the surface topography and composition.
SEM imaging is used in this work to study the morphology of the synthesized materials, specially
in the case of the spheres and films.

Imaging was carried out on a Zeiss Gemini Leo 1530 with integrated energy-dispersive X-ray
spectroscopy (Noran System 6, Thermo Scientific). Samples were immobilized on
conducting carbon pads and then sputtered with a thin layer of gold to prevent charging. Some

samples were immobilized in expoxi resin and sanded with 180 grit sanding paper.
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2.4 Energy-dispersive X-rayspectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for the elemental
analysis or chemical characterization of a sample. The EDS technique detects x-rays emitted from
the sample while focusing into the sample an electron beam to characterize the elemental
composition of the analyzed compound. When the sample is bombarded by the SEM's electron
beam, electrons are ejected from the atoms comprising the sample's surface. The resulting
electron vacancies are filled by electrons from a higher state, and an x-ray is emitted to balance
the energy difference between the two electrons' states. The x-ray energy is characteristic of the
element from which it was emitted.

EDX was carried out on a Zeiss Gemini LLeo 1530 scanning electron microscope with integrated
energy-dispersive X-ray spectroscopy (Noran System 6, Thermo Scientific). Samples were
immobilized on conducting carbon pads and then sputtered with a thin layer of gold to prevent
sample charging. Analysis was carried out on the Noran System Six (NSS) software.

2.5 Transmission electron microscopy

The transmission electron microscopy (TEM) operates similar to SEM. However, thin films and
small samples are transmitted by an electron beam. TEMs can reveal the finest details of internal
structure - in some cases as small as individual atoms. The specimen is most often an ultrathin
section less than 100 nm thick or a suspension on a grid. An image is formed from the
interaction of the electrons with the sample as the beam is transmitted through the specimen.

A FEI Tecnai G2 20 S-TWIN transmission electron microscope (FEI Company, Eindhoven,
Netherlands) equipped with a LaB6-source at 200 kV acceleration voltage was used. Images were
recorded with a GATAN MS794 P CCD-camera. The microstructure (pore size and pore
shape/morphology) of the samples was studied at the Department of Electron Microscopy
(ZELMI), TU Betlin.

2.6 Infrared Spectroscopy

Infrared spectroscopy (IR) is the analysis of infrared light interacting with a molecule. The IR
spectrum of a sample is recorded by passing a beam of infrared light through the sample. This
can be analyzed in three ways by measuring absorption, emission and reflection. Molecules
absorb frequencies that are characteristic of their structure. Representing the wavenumber in a

graph it’s possible to analyze the peaks, which are charachteristic of specific chemical groups.

IR is used to determine functional groups in molecules. IR Spectroscopy measures the vibrations
of atoms, and based on this it is possible to determine the functional groups.

11
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A single atom cannot absorb IR radiation, because it has no bonds. For a symmetric molecule
there is no change in dipole when the molecule vibrates, so it will not absorb IR. But for an
asymmetric diatomic molecule, the dipole moment will change as the bond stretches or contracts,
so HF does absorb IR radiation.

An Agilent Cary 630 FTIR Spectrometer was used and it was measured in attenuated total
reflection (ATR).

2.7 Inductively Coupled Plasma-Optical Emission
Spectroscopy

Inductively Coupled Plasma-Optical Emission Spectroscopy is a multi-element analytical
technique that can provide elemental composition of a wide variety of sample types, such as
powders, solids, liquids and suspensions. Solid samples are generally dissolved or digested using a
combination of acids in a closed microwave system, thus retaining potentially volatile analyte
species. The resulting samples are introduced as aerosol in an argon plasma. The analyte species
can then be detected and quantitated with an optical emission spectrometer, which measures the
intensity of radiation emitted at the element-specific, characteristic wavelength from thermally
excited analyte atoms or ions. Intensity measurements are converted to elemental concentration

by comparison with calibration standards.

Inductively coupled plasma optical emission spectroscopy was carried out on a Horiba Scientific
ICP Ultima2. Samples were digested in an aqueous suspension with the addition of HNO3 and
HF at 200°C for 5 h in an autoclave.

12
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2.8 Elemental Analysis

Elemental Analysis is a process where a sample of some material (e.g., soil, waste, minerals,
chemical compounds) is analyzed for its elemental and sometimes isotopic compositon.
Elemental analysis can be qualitative (determining what elements are present), and it can be
quantitative (determining how much of each are present). Elemental analysis falls within the
ambit of analytical chemestry, the set of instruments involved in deciphering the chemical nature
of our world.

Elemental analysis was carried out on a Thermo FlashEA 1112 Elemental Analyzer of the
Thermo Finnigan Company.
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Figure 2.6 Schematic representation of the functioning of elemental analysis?.
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3. Experimental

3.1 COK-12 batch synthesis

OMS synthesis normally requires harsh synthesis conditions such as very basic or acidic media
and high temperature hydrothermal treatments. The discovery of COK-12 marked the first OMS
synthesis that circumvents these conditions. The reaction takes place at room temperature and
under quasi-neutral pH, and employs a more inexpensive silica source than that used for most
OMS materials synthesis”. OMS monoliths have found applications in separation' and
catalysis".

3.1.1 Reference material synthesis: powder COK-12

Powder COK-12 was synthesized according to Jammaer, et al.', but using 25 times the quantities
of the original synthesis protocol.

First of all 100.0 g of the triblock copolymerPluronics P123 (Sigma-Aldrich) (structure directing
agent) were dissolved in 2687.5mldistilled water (DIW), stirring with a magnetic stirrer. When
P123 was totally dissolved, 63.50 g trisodium citrate (Roth) and 92.1 g citric acid monohydrate
(Roth) were incorporated to create a buffer with a pH between 4 and 5. After stirring for 24 h, a
solution of 260.0 g of sodium silicate (Roth) and 750.0 ml DIW was prepared and added. Solid
formation was observed immediately (Figure 3.1). Then the resulting solution was stirred for 5
min and aged for 24 h under static conditions at room temperature. The suspension was then
filtered and washed thoroughly with 12500 ml DIW. (Figure 3.1) Solids were dried overnight in a
cabinet dryer at 60 °C. After that, two methods to remove the organic templating agent were
studied: calcination at different temperatures for 8 h, with a 1°C/min heating ramp or extraction
with methanol.
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Figure 3.1 Immediately solid formation just after adding the silicate solution (left) and filtration process
(right).

Figure 3.2 Solids after filtration.
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Table 3.1 Synthesis conditions for upscaled COK-12 materials synthesis.

Material Batch P123 DIWa Citric Sodium Sodium DIWb DIWe

size lg] [ml] acid [g]  citrate [g]  Silicate [ml] [ml]
]
COK- 25X 100.0 2687.5 92.1 63.50 260.0 750.0 12500

12-25X

“For P123 solution ®For sodium metasilicate solution * For washing

3.2 Extraction and calcination temperature

To study the influence of calcination temperature on pore structure and surface characteristics,
calcination was studied at 9 different temperatures ranging between 350 and 900 °C for 8 h and a
heating ramp of 1°C/min. (Table 3.3)

Furthermore, instead of calcination the extraction of the soft-template with methanol was
investigated. First, 200 ml DIW were added to 2.0 g of the dry uncalcined solid and then it was
put in an ultrasonicator at room temperature. After that it was filtered and washed thoroghly with
400 ml methanol. Finally, it was dried overnight in a cabinet dryer at 60°C. Methanol extraction
was done varying the time inside of the ultrasonicator. (Table 3.3)

Table 3.2 Calcination temperatures used and times in the ultrasonicator used for the methanol extraction.

Calcination temperature Methanol Extraction- Sample Code
[°C] time in the ultasonicator
[min]
350 COK-12_350
400 COK-12_450
450 COK-12_400
500 COK-12_500
600 COK-12_600
650 COK-12_650
700 COK-12_700
800 COK-12_800
900 COK-12_900
10 COK-
12_10_MeOH
2x5 COK-
12_2x5_MeOH
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triblock
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+ water

4 hours (RT)

trisodium citrate
and citric acid
monohydrate
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sodium silicate
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filtration and
washing

dryin cabinet (60°C)

Extraction with ultrasonicator (5min)

MeOH

calcination

.>

8 hours (1°C/minramp) dryin cabinet (60°C)

Figure 3.3 Schematic of COK-12 batch production with two different methods to remove the organic
templating agent: calcination and extraction.
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3.3 Spheres production

Spheres consisting of alginate or composites of alginate and COK-12 were produced by shaping
and solidification in i) liquid nitrogen and ii) in a calcium chloride solution. The ratio of alginate
to COK-12 was varied from 100% alginate to 70% COK-12. Sodium alginate (SIGMA-
ALDRICH) was used, stirring with a magnetic stirrer to disolve it in water. COK-12 calcined at
400°C was used and it was also disolved in water using a magnetic stirrer and the ultrasonicator
(5 min at room temperature).

For the spheres preparation a hose pump with speed of 35 rpm and a tube of a diameter of 3 mm
was used to transport the solution.

In the first case, a small pan was filled with liquid nitrogen and the different solutions were
dropped directly into the liquid nitrogen, so that the spheres were formed inmediately. (Figure
3.4) The spheres were quickly stored in a freezer (-80°C) afterwards. After that they were putin a
freeze dryer (Zirbus technologies, Sublimator VaCo 5) at 0.01 mbar and -80°C for 72 h. When
this process was finished, the spheres where put in a 4% calcium chloride solution for 24h, so
that the particles got crosslinked. Finally, they were washed with destilled water 5 or 6 times and
put in the freeze dryer again for 72 h.

Figure 3.4 Spheres production with liquid nitrogen.

In the second case, the different solutions were dropped directly into a 4% calcium chloride
solution and the spheres were formed inmediately. (Figure 3.5) The solution with the spheres
inside was aged for 24h and then washed with destilled water 5 or 6 times. Finally, they were out
in the freeze dryer for 72 h.
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Figure 3.5 Spheres production with calcium chloride.

Table 3.3 List of the different spheres produced with its compositions. Each type of spheres was done
twice: one time only with calcium chloride (CaCl2) and one time also with liquid nitrogen (N2).

Spheres composition Sample Code
Alginate [2%] S_Alg 2%
Alginate [4%] S_Alg_4%
Alginate [6%] S_Alg 6%
Alginate [8%] S_Alg 8%

(OMS (calcined at 400°C) (50%) +Alginate (50%0))
[4%]

(OMS (calcined at 500°C) (50%) +Alginate (50%0))
[4%]

(OMS (calcined at 400°C) (50%) +Alginate (50%0))
[8%0]

(OMS (calcined at 500°C) (50%) +Alginate (50%0))
[8%%0]

(OMS (calcined at 400°C) (30%) +Alginate (70%))
[8%%0]

(OMS (calcined at 400°C) (40%) +Alginate (60%))
[8%%0]

(OMS (calcined at 400°C) (70%) +Alginate (30%0))
[8%0]

S_Alg_OMS(400)_4%
S_Alg OMS(500)_4%
S_Alg_ OMS(400)_8%
S_Alg_ OMS(500)_8%

S_Alg70_OMS30(400)_8%

S_Alg60_OMS40(400)_8%

S_Alg30_OMS70(400)_8%
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Figure 3.6 Schematic of spheres production with two different methods: with calcium chloride and with
liquid nitrogen.

3.3.1 Solubility test

To check the stability of the spheres a solubility test was done. 50 ml of destilled water were put
in a beaker with 0.15 g of S_Alg_ OMS(500)_8%_N: and it was stirred with an agitation speed of
200 rpm, once for 48 h and once for 96 h. The same procedure was followed also with
S_Alg OMS(500)_8%_CaCl,. For S_Alg 8%_CaCl, and S_Alg 8%_No,, the same followed, but
in this case only 10 ml water and 0.06 gr of the spheres were taken.
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3.3.2Water purification test

Nine solutions were prepared: three of methyene blue (MB), three of rhodamine 6G (RH) and
three of congo red (CR). 20 ml of each solution were put in 9 glasses. Then the 3 different
adsorbants: i) COK-12 calcined at 500 °C as powder, ii) spheres of 8% Alginate and COK-12
calcined at 500 °C produced with calcium chloride, and iii) spheres of 8% Alginate and COK-12
calcined at 500 °C produced with liquid nitrogen and calcium chloride were introduced. 100 mg
of each adsorbant was introduced in one of each solution. The solutions were stirred for 2 h with
an agitation speed of 400 rpm at room temperature (Figure 3.7). Then they were centrifuged at
5000 rpm for 5 min. The liquid part was separated from the solid part by decantation.

Figure 3.7 Solutions of methylene blue, thodamine 6G and congo red stirred with different adsorbants:
COK-12_500, S_Alg_OMS(500)_8%_N2, S_Alg_ OMS(500)_8%_CaClI2.

The initial and final concentrations of MB, RH and CR were determined from their UV-vis
absorbance using calibration curve method. UV/VIS/NIR spectrometer (Petkin Elmer Lambda
9) was used at A = 664, 526 and 498 um respectively.

The removal efficency of each dye R. (%) and the equilibrium adsorption capacity ¢. (mg/g)
where calculated as follows:

(Ci — Ce)
e=——"—"x100%

_(Ci-Ce)*V
€= m
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3.4 Tape production

To produce the films of the different compositions, a freezing process with liquid nitrogen was
used. The set up shown in the picture consists in a metal box with a copper piece in the upper
part, which had the form of the film. The metal box has a whole and trough this whole, the box
was filled with liquid nitrogen with the help of a funnel. After 10 minutes a temperature of -28°C
was reached. On the top of the copper piece, a metal sheet was placed and on top of it the
solution was cast with the help of a small plastic dispenser with a small opening of 0.2mm, in
order to obtain a very thin membrane. In around 1 minute, the film was completely frozen and
placed in a freezer (-80°C) with the metal sheet. (Figure 3.6) Afterwards, it was put in the freeze
dryer for 72 h. Finally, a very thin and flexible film was obtained.

Figure 3.8 Films production with liquid nitrogen inside of the metal box.
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Table 3.4 List of the different films produced with its compositions.

Films composition

Sample Codes

Alginate [4%]
Alginate [8%]
(OMS (calcined at 400°C) (50%) +Alginate (50%0))
[8%0]
(OMS (calcined at 400°C) (30%) +Alginate (70%))
[8%0]
(OMS (calcined at 400°C) (40%) +Alginate (60%0))
[8%0]
(OMS (calcined at 400°C) (70%) +Alginate (30%0))
[8%0]
(OMS (calcined at 500°C) (10%) +Alginate (90%))
[8%0]
(OMS (calcined at 500°C) (5%) +Alginate (95%))
[8%0]

T_Alg_4%
T_Alg_8%
T_Alg_ OMS(400)_8%
T_Alg70_OMS30(400)_8%
T_Alg60_OMS40(400)_8%
T_Alg30_OMS70(400)_8%
T_Alg90_OMS10(400)_8%

T_Alg95_OMS5(400)_8%

Liguid nitrogen
inside the box

L 10 min

@
L 1 min

Film+metal

sheet into the
freezer

l

L 72 hours

D

Figure 3.9 Schematic of films production.
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4. Results and discussion

COK-12 was synthesized two times in batch (one of 25x the original and the other 10x the
original) in order to guarantee the same properties of the material for all experiments. It was
synthesized using two different methods of elimination of P123: i) calcination and ii) methanol
extraction. To study the decomposition of the soft-template and the influence of synthesized
COK-12, calcination was done at different temperatures, from 350°C up to 900°C. In addition,
methanol extraction was investigated to try another method of soft-template removal that could
be cheaper, faster, with less environmental impact and could have positive effect on surface

characteristics. The results are compared to that obtained by calcination.

4.1 Influence of calcination temperature on pore morphology
and surface characteristics

COK-12 was calcined at different calcination temperatures from 350°C up to 900°C. An optical
image of the as-prepared powders is shown in Figure 4.1. All calcination temperatures lead to fine
loosely agglomerated powders, while the color differs however. The COK-12 calcined at 350°C
has a pale brown color. This color changes to white in the COK-12 calcined at higher

temperatures .
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Figure 4.1 Comparison of COK-12 obtained with methanol extraction (left) and calcination at 350 °C,
400°C, 450 °C and 500 °C.

The main reason for the pale brown is the remaining semi-decomposed carbon content of the
soft-template in the samples, which decreases with increasing calcination temperature from
originally 29.8 wt% for the uncalcined sample to 1.9 wt% for a calcination temperature of 350°C
to <0.1 wt% for 500 °C (Table 4.1). Thus, for calcination temperatures of >450 °C the soft-
template can be fully removed. The hydrogen content was 1 wt% for a calcination temperature of
350 °C and it decreased a bit for higher calcination temperatures. The nitrogen and sulfur content
was 0 wt% in all calcined samples. (Table 4.1)

Table 4.1 Nitrogen, carbon, hydrogen, sulfur, silicon and sodium content of COK-12 uncalcined, calcined
at different temperatures from 350°C to 900°C and 2 extractions with methanol.

Substanz % N % C* % H* % S* % Na* % Si*  %Na/(Na+8i)

uncalcined 0 29.86 5.65 0 - - -

350°C 0 1.92 1 0 0.14 35.70 0.0039
400°C 0 0.12 0.62 0 0.17 40.74 0.0042
450°C 0 0.15 0.57 0 0.27 40.71 0.0066
500°C 0 0.06 0.64 0 - - -

MeOH 0 17.24 3.43 0 0.06 21.74 0.0028
10min

MeOH 0 21.69 4.04 0 0.06 29.03 0.0021

2x5min

* content of Si and Na was measured with ICP-OES, * content of N, C, H and S was measured

with elemental analysis
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The influence of calcination temperature on the resulting pore structure within the COK-12

powders were analyzed by TEM, nitrogen sorption analysis and XRD at small angles.

TEM images of the COK-12 powders in dependence of the calcination temperature are shown in
Figure 4.2, Figure 4.3, Figure 4.4 and Figure 4.5. These images show the periodicity and
hexagonal ordering of the pores of COK-12. Uniform pore sizes can be observed.

Figure 4.2 TEM micrographs of COK-12 calcined at 350°C.

Figutre 4.3 TEM micrographs of COK-12 calcined at 400°C.
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Figure 4.4 TEM micrographs of COK-12 calcined at 450°C.

Figure 4.5 TEM micrographs of COK-12 calcined at 700°C.

Figure 4.6 shows the adsorption-desorption isotherms for the COK-12 powders calcined at
temperatures from 350 °C up to 900 °C. The sample calcined at 700 °C should be repeated,
because the adsorption-desorption isotherm seems to be wrong if it is compared to the other
ones (Figure 4.6 f). For calcination temperatures up to 800 °C, type IV isotherm with a type H1
hysteresis are observed. This graphical overview reveals that the porous structure of COK-12
consists of an array of open cylindrical mesopores with a very narrow pore size distribution,
confirmed by the steep adsorption branch of the hysteresis loop which indicates that capillary
condensation occurs at a small relative pressure range.
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Figure 4.6 Nitrogen adsorption-desorption for COK-12 calcined at different temperatures from 350°C to
900°C and 2 extractions with methanol. The isotherms are all type IV with H1 hsyteresis (apart from the
higher temperatutes, from 700°C up to 900°C), characterist of mesoporous materials.
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The pore size distributions, which were determined based on NLDFT calculations using the
adsorption branch of the isotherms, are depicted in Figure 4.7. As already mentioned before, the
sample calcined at 700 °C should be repeated, what can be also observed in the pore size
distribution graph (Figure 4.7 f). With increasing the calcination temperature, the pore size
decreases from 6.6 nm for 350 °C (Figure 4.7 a) to 6.1 nm for 800 °C (Figure 4.7 g). While the
pore size distribution for 350°C shows a relatively sharp peak at 6.6 nm with a smaller shoulder
around 6.1 nm, bimodal pore size distribution with peaks around 6.6 nm and 6.1 nm are
observed for calcination temperatures of 400 and 450 °C (see Figure 4.7 b and c). For calcination
temperatures same or greater than 500 °C only one single peak at 6.1 nm pore size is observed.
These tendencies can be explained by the measurement of the carbon content. (Table 4.1) After
calcination at 350 °C 1.9 wt% carbon from the soft-template (originally 29.9 wt%) are left in the
sample, while the carbon content decreases with increasing calcination temperature to <0.1 wt%
for 500 °C. According to Jammaer, et al.'’ the pore size of OMS decreases by removing the soft-
template due to a contraction of the pore. Thus, the two pore sizes of 6.6 and 6.1 nm stand for
filled and unfilled pores respectively. If equal pore sizes are wanted, the calcination temperature
must be 500 °C, because for calcination temperatures of 400 and 450 °C there is a bimodal pore
size distribution.
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Figure 4.7 Pore size distribution of COK-12 calcined at different temperatures from 350°C to 900°C and



In accordance, the volume of nitrogen absorbed decreases with calcination temperature (Figure
4.6), which means that the pore volume decreases. This is caused by the decrease in size of the

mesopores and a decrease in micro pore volume as summarized in Table 4.2.

Above a certain calcination temperature (around 650 °C) the pore volume decreases extremely,
because of a collapse in mesoporosity. This is in agreement of the results of pore size distribution
(Figure 4.7 f, g and h), where the peak of the pore size distribution in Figure 4.7, where the peak
of the pore size distribution almost disappears for the higher calcination temperatures graphs.

Table 4.2 Surface area, pore width, pore volume and micropore volume of COK-12 calcined at different
temperatures from 350°C to 900°C and 2 extractions with methanol.

Compound dige* Surface area® Pore widthe Pore Microporevolumes
(hm) (m?/g) (nm) volumend (cc/g)
(cc/g)

10min_Methanol - 166.5 6.1 0.26 -

2*5min_Methanol - 96.4 6.1 0.15 -
350°C 94.8 091.1 0.6 0.68 0.15
400°C 86.6 606.2 6.6 0.59 0.13
450°C 86.8 598.3 0.6 0.60 0.11
500°C 86.5 549.7 6.1 0.53 0.09
600°C - 436.8 6.1 0.52 0.06
650°C - 396.9 5.9 0.42 0.06
700°C - 4.5 6.1 0.02 -
800°C - 273.9 5.3 0.28 0.00
900°C - 6.2 4.7 0.02 -

a Interplanar distance between (100) planes estimated by SAXRD
b Specific surface area estimated by BET

¢ Pore diameter estimated by NLDFT

d Pore volume estimated by NLDFT

e Micropore volume estimated by t-plot method

SAXRD experiments were done to study the pore ordering at the different calcination
temperatures. In accordance to nitrogen sorption isotherms, from 350 °C until approximately
650°C, there is a first and high reflection at 2-Theta value of around 1° (Figure 4.8 a, b, ¢, d, ¢).
This peak shows long-range hexagonally ordering and it is higher for lower calcination
temperatures (Figure 4.8 a) than for the higher calcination temperatures (Figure 4.8 d). In
addition, a second and even a third reflection can be observed at 2-Theta values of 1.7° and 2°

respectively. The reflections follow the tendency 26;; 282:\/§*261; 283:\/1*261, which satisfies
the relation for p6m hexagonal symmetry. At calcination temperatures higher than 650°C, this
peak disappears, because the pores are destroyed (Figure 4.8 £, g and h).
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Figure 4.8 SAXRD patterns of COK-12 calcined at different temperatures from 350°C to 900°C and 2
extractions with methanol.
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IR experiments were done to detect the chemical groups in dependence of the calcination
temperature and methanol extraction method. The amount of Si-OH-groups decreases with the
temperature as shown by a decrease in the detected vibrations band of vSi-Oat 950 cm™ (Figure
4.8). Elemental analysis supports the IR experiments. The measured hydrogen content decreases
from 1 wt% for 350 °C to 0.6 wt% for 500°C with increasing calcination temperature (see Table
4.1).

Remaining carbon and SiOH-groups are a very important aspect for further surface
functionalization of COK-12, because there is a need of Si-OH-groups for further surface
functionalization with functional organic groups, which could be relevant e.g. for medical
applications, sorption, drug delivery or for the use as catalyst support. Therefore, the use of
COK-12 calcined at lower temperatures is preferred for the further production of spheres and
membranes, in order to preserve the Si-OH-groups.
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Figure 4.9 ATR-IR graph for COK-12 uncalcined and calcined at 350 °C, 400 °C, 500°C, 650°C and 900
°C.
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4.2 Influence of extraction on pore morphology and surface
characteristics

As mentioned above methanol extraction was investigated to try another method of soft-
template removal that could be cheaper, faster, with less environmental impact and could have
positive effect on surface characteristics. The results are compared to that obtained by

calcination.

COK-12 synthesized with methanol extraction shows a very fine powder without large
agglomerates as observed for the calcined samples (Figure 4.1).

Although the COK-12 synthesized with methanol extraction has a white color (Figure 4.1), the
carbon content (17.24 wt%; 21.69 wt%) is much higher than in the COK-12 calcined at 350°C
(1.92 wt%). The white color is due to the fact that the carbon only gets the brown color if it’s
burned and in the methanol extraction there is no heat contribution. The hydrogen content is
also higher in the COK-12 synthesized with methanol extraction (3.43 wt%; 4.04 wt%) than in
the calcined COK-12 (=1 wt%). The nitrogen and sulfur content was also 0 wt% in the methanol
extracted samples, which is in agreement to the calcined samples. (Table 4.1)

In accordance with calcination temperature investigations, nitrogen sorption measurements were
done for COK-12 prepared by methanol extraction method as shown in Figure 4.6 i, j. For both
extractions, type IV isotherm with a type H1 hysteresis are observed. Their shapes are not that
sharp as after calcination. However, by increasing the extraction time to 10 min the shapes get
more facetted. In total the hysteresis loops are shifted to lower adsorbed gas values in
comparison to the calcined ones. This is in accordance to an increase pore volume from 0.15 to
0.26 cm’/g for 2x5 min and 10 min respectively. In comparison to calcined COK-12 (e.g. 0.60
cm’/g for calcination temperature of 450 °C) the value is still very low. (Table 4.2)

The pore size distributions, which were determined based on NLDFT calculations using the
adsorption branch of the isotherms, are depicted in Figure 4.7. The maximum pore size is around
6.1 nm. The peaks are lower and broader in comparison to the graphs obtained of the calcined
samples, which indicates a broader pore size distribution with pore sizes from 5 nm to 6 nm. This
is in agreement with their low pore volumes, caused by the incompletely removed soft-template,
which was proven by elemental analysis.

XRD at small angle diffractograms are shown in Figure 4.8i, j. The first reflection at 0.8 ° is
smaller at 2 theta values than in the graphs of low calcination temperatures (Figure 4.8 a, b),
which shows smaller pore sizes. There is also noise in both methanol extraction graphs and the
second and third peak are not cleatly recognizable (Figure 4.8i. j). This means that the pore
otdering is less in COK-12 produced with methanol extraction than in COK-12 produced with
low temperature calcination.
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IR measurements were used to study the chemical composition. Antisymmetric stretching
vibration, which correspond to Si-O-Si groups, can be observed in the uncalcined, calcined and
extracted COK-12. Also in-plane stretching vibration corresponding to Si-OH groups. Different
carbohydrate groups are present, in the uncalcined COK-12. The peaks of those carbohydrates
are lower for the extractions (lower for the extraction of 10 min than 2x5 min) and in the
calcined COK-12 at 500 °C those peaks disappear. The carbohydrate groups are —CH:
(symmetric stretching vibration) and —CH3 (antisymmetric stretching vibration).
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Figure 4.10 ATR-IR graph for COK-12 uncalcined, calcined at 500 °C and COK-12 produced with 10
min and 2x5 min methanol extraction.
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4.3 Spheres

Spheres consisting of alginate or composites of alginat and COK-12 were produced by shaping
and solidification in i) liquid nitrogen and ii) in a calcium chloride solution. The ratio of alginate
to COK-12 was varried from 100% alginate to 70% COK-12.

4.3.1Spheres analysis

Figure 4.11 Compatison of COK-12 calcined at 400 °C (A), S_Alg70_OMS30(400)_8%_CaCl2 and
S_Alg70_OMS30(400)_8%_N2.

Spheres produced only with calcium chloride have a diameter which vary from 2 to 4 mm and
the ones produced also with liquid nitrogen have a diameter which vary from 3 to 5 mm. This
variation depends on the different compositions of the spheres. With a higher percentage of
alginate the spheres are bigger, which is due to the density of the solution: at higher density the
dropes coming out of the hose are bigger. It can be observed in Figure 4.12 and the composition
of each of those spheres are compiled in Table 4.3.
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Figure 4.12 Pictures of all spheres done for this thesis. The sample codes can be read on Table 4.3.
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Table 4.3 Sample codes according to the number of the spheres shown in Figure 4.12.

Number Sample Code

S_Alg 2%_N,
S_Alg 2%_CaCl,

S_Alg 4%_N,
S_Alg_4%_CaCl,
S_Alg 6%_N,

S_Alg 6%_CaCl,
S_Alg 8%_N,

S_Alg 8%_CaCl,
S_Alg OMS(400)_4%_N,
S_Alg_ OMS(400)_4%_CaCl,
S_Alg_ OMS(500)_4% _N;
S_Alg_ OMS(500)_4%_CaCl,
S_Alg_ OMS(400)_8% _N>
S_Alg_ OMS(400)_8%_CaCl,
S_Alg OMS(500)_8%_N>
S_Alg_ OMS(500)_8%_CaCl,
S_Alg70_OMS30(400)_8%_N>
S_Alg70_OMS30(400)_8%_CaCl,
S_Alg60_OMS40(400)_8%_N>

= e e e e e e e
o I N BN ST N N STl A ol

20 S_Alg60_OMS40(400)_8%_CaCl,
21 S_Alg30_OMS70(400)_8%_N,
22 S_Alg30_OMS70(400)_8%_CaCl,
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The spheres S_Alg_4%_N, (Figure 4.13) and S_Alg_8%_N; (Figure 4.14) show an open porosity,
but the difference is that the spheres with 8 wt% alginate have a bigger porosity inside compared
to the spheres with 4 wt% alginate.

fr. 0 A { 2N 5 B Sl Nz
= 500KX EWT= 300kvV SignalA=SE2 Date:17Jul 2017 Mag= 100KX EMT= 300kv  SignalA=SE2
00um WD = 9.4mm File Name = POS1b_03.8f o

wn WD=94mm File Name = POS1b_04 tif

/ ¢ 2 R ol B A& 2 2 - e ¥
100X EHT = 3.00 kV Signal A = SE2 EHT = 300kV Signal A = SE2
00um WD=63mm File Name = POS6_051if 0um WD=7.9mm File Name = POS10_04 tf AL

R M S R
Mag= 100KX EHT = 3.00kV Signal A=SE2  Date :17 Jul 2017
wn WD=79mm File Name = POS10_058f

Figure 4.14 REM S_Alg 8%_N2.
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The speheres S_Alg 4% _CaCl, (Figure 4.15) and S_Alg 8%_CaCl, (Figure 4.16) have a closed
surface and there are less pores inside compared to the spheres produced with liquid nitrogen

comented above.

Mag= 100X ENT = 300kV Signel A= SE2  Date 17 Jul 2017 TUB

Mag= 1500KX EMT= 300KV  SignalA=SE2 Date 17 Jul 2017
Oum WD=100mm File Name = POS2b_06 tf e S b

g Sze=3000um WD=100mm Fie Name = POS2b_01.8f

Figure 4.15 REM S_Alg_4%_CaCl2.

0KV Date :17 Jul 2017 Mag= 100X
File Name = POS7_04 4 pertve Szo = 30 00um WD = 9.7 mm  File Name = POS11_06.61

EHT = 3.00 kV Signal A=SE2  Date :17 Jul 2017
erture Sze = 3000pm WD = 56 mm  File Name = POS7_03 tif

TUB

Figure 4.16 REM S_Alg 8%_CaCl2.
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The spheres S_Alg OMS(500)_8%_CaCl, (Figure 4.17) have much less pores than the same type
of spheres produced with liquid nitrogen (Figure 4.18). The pores are bigger in the spheres
produced with liquid nitrogen and the reason could be that the alginate does not make so many
lamellae, because it is covering the OMS. Bigger pores could be a positive aspect for some
applications. It can also be observed that the routhness is increased after adding the OMS. The
OMS is apparently divided up equally all over the sphere, but in the spheres produced with liquid
nitrogen there are some places where there is more OMS in the close area.
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F1gure 4.18 REM S_Alg OMS(500)_ 8% _N2.
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In Tables 4.4 and 4.5 there can be found some information about the specific surface area, pore
diameter and pore volume. This measurements should have been done for every type of spheres
produced for this thesis, but some of them are missing due to a reason of time. Nevertheless,
some conclusions can be taken from the information shown on both tables.

The surface area of the spheres is considerably bigger in the spheres produced with liquid
nitrogen, compared to the speheres produced without liquid nitrogen. The spheres containing
COK-12 calcined at 500 °C have a bigger surface area compared to the spheres containing COK-
12 calcined at 400 °C, but the difference is not as big as the one just commented. Another aspect
which can be observed is that the spheres containing a bigger percentage of OMS have a bigger
surface area compared to the spheres with a lower OMS percentage.

The pore diameters range from 6.1 to 6.6 nm, but a clear tendence influenced by the parameters
changed in each type of spheres can not be observed.

The pore volume of the spheres produced with liquid nitrogen and calcium chloride is bigger
than the volume of the spheres produced only with calcium chloride.

Table 4.4 Surface area, pore width, pore volume and micropore volume of spheres with COK-12 calcined

at 400 °C.
Compound dioo? Surface Pore widthe Pore
(400 °C) (nm) areab (m?/g) (nm) volumend
(cc/g)
S_Alg_OMS(400)_4% 86.6 - 6.6 0.59
(N)
S_Alg OMS(400)_4% - 56.10 6.6 0.10
(CaCly)
S_Alg_OMS(400)_8% - 161.03 6.1 0.23
(N)
S_Alg30_OMS70(400)_8% - 216.26 65.6 0.34
(CaCly)

a Interplanar distance between (100) planes estimated by SAXRD
b Specific surface area estimated by BET

¢ Pore diameter estimated by NLDFT

d Pore volume estimated by NLDFT
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Table 4.5 Surface area, pore width, pore volume and micropore volume of spheres with COK-12 calcined

at 500 °C.
Compound dig® Surface area® Pore widthe Pore
(500 °C) (nm) (m?/g) (nm) volumend
(cc/2)
S_Alg OMS(500)_4% - 187.89 60.8 0.25
™)
S_Alg OMS(500)_4% - 61.32 65.6 0.103
(CaCly)
S_Alg OMS(500)_8% - 169.18 6.1 0.212
™)

a Interplanar distance between (100) planes estimated by SAXRD
b Specific surface area estimated by BET

¢ Pore diameter estimated by NLDFT

d Pore volume estimated by NLDFT

In Figures 4.19 and 4.20 four adsorption-desorption isotherms can be observed: one of the
COK-12 powder (a), one of the spheres produced with liquid nitrogen and calcium chloride
containing the same COK-12 powder (b), the same spheres but produced without liquid nitrogen
(c) and other spheres with a higher COK-12 composition (d).

The COK-12 powder show the biggest volume of nitrogen adsorbed. In Figure 4.20 the isotherm
of the spheres produced with liquid nitrogen (b) show a bigger volume adsorbed, compared to
the spheres produced without liquid nitrogen (c), which supports the results of Tables 4.4 and 4.5
commented above. In Figure 4.19 the opposite can be observed, the volume adsorbed is bigger in
the spheres produced without liquid nitrogen, but this could be due to a measurement or label
error. The spheres with a higher COK-12 composition show a bigger volume of nitrogen
adsorbed, which makes sense, because there are more pores.

The pore size distributions corresponding to the four samples commented above, which were
determined based on NLDFT calculations using the adsorption branch of the isotherms, are
depicted in Figures 4.21 and 4.22.
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Figure 4.19 Nitrogen adsorption-desorption for a)COK-12_400, b)S_Alg OMS(400)_4%_CaCl2,
c)S_Alg OMS(400)_8%_N2, d)S_Alg30_OMS70(400)_8%_CaCl2.
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Figure 4.20 Nitrogen adsorption-desorption for a)COK-12_500, b)S_Alg OMS(500)_4%_CaCl2,
c)S_Alg OMS(500)_8%_N2, d)S_Alg30_OMS70(500)_8%_CaCl2.
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Figure 4.21 Pore size distribution of a)COK-12_400, b)S_Alg OMS(400)_4%_CaCl2,
0)S_Alg_ OMS(400)_8%_N2, d)S_Alg30_OMS70(400)_8%_CaCl2 as determined by the NLDFT
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Figure 4.22 Pore size distribution of a)COK-12_400, b)S_Alg OMS(500)_4%_CaCl2,
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method.
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EDX measurements were done to see the chemical elements in the spheres. In the spheres
S_Alg 8% it can be observed that there is an equal distribution. It can be seen in Figure 4.23
(right), where the chlorine atoms are distributed all over the picture. Observing the extracted
spectrum (Figure 4.24), there is a little amount of silica is present, but if a look is taken on Figure
4.23 (down), it can be seen that it is only present in two concrete and small places. The reason for
it could be that the hose used to produce the spheres was not completely clean from another
previous use with a compound which contained silica.

SiK 0.00'317.12

.

10 pm

Figure 4.23 EDX S_Alg_ 8% (left), chlorine content (right) and silica content (down).
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Figure 4.24 EDX S_Alg)_8% extracted spectrum.

Taking a look on the extracted spectrum of the spheres S_Alg OMS(500)_8%, a much higher
amount of silica compared to the S_Alg 8% can be observed. It makes sense, because the silica is
a proof for the OMS. OMS is not equally distributed all over the sample, there silica over the
most parts of it, but in some parts the silica content is higher (Figure 4.25 (right)).

SiK 0.00 [ 5 61

10 ym

Figure 4.25 EDX S_Alg_ OMS(500)_8% (left) and silica content (right).
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Figure 4.26 EDX S_Alg OMS(500)_8% extracted spectrum.
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Figure 4.27 ATR-IR graph for Alginate, Alginate spheres, S_Alg OMS(500)_8%_CaCl2,
S_Alg_ OMS(500)_8%_N2.
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4.3.2 Solubility test

The results of the solubility test, obtained by ICP-Spectroscopy, can be seen in Table 4.6. It can
be concluded that in the solutions with spheres produced with liquid nitrogen the calcium and
silicon dissolved amount was significantly less compared to the solutions with the spheres
produced without liquid nitrogen.

Observing the silicon amounts dissolved for the different solutions it doen’t make sense that in
the solutions with spheres without OMS there is silicon. The amount is much less than in the
solutions with spheres with OMS, but it shouldn’t be any silicon dissolved. Maybe it is due to the
fact that the same hose was used for all spheres production, althought it was cleaned always after
each use, or it could be also due to a measurement errot.

Table 4.6 Mass of sodium, silica and calcium in water after a defined period of time with different spheres
inside (solubility test). It was obtained by ICP-Spectroscopy.

Compound Time in Na Si Ca

H20 (h) (mg/1) (mg/1) (mg/1)
S_Alg OMS(500)_8%_CaCl, 48 11.35 52.67 2.88
S_Alg OMS(500)_8%_N: 48 3.38 47.92 1.03
S_Alg OMS(500)_8%_CaCl, 96 18.35 2413 2.01
S_Alg OMS(500)_8%_N> 96 5.30 49.53 1.06
S_Alg 8%_CaCl, 96 13.88 6.44 2.54
S_Alg 8% N, 96 9.41 1.89 2.27

4.3.3 Water purification test

Looking at the samples of the different solutions after being in contact with the adsorbants, some
color differences can be observed. (Figure 4.28)

COK-12_500 worked with high removal efficiency for methylene blue (95.09%) and for
thodamine 6G (99.40%). Their adsorption capacity where 19.0 and 19.9 mg/g respectively. It can
be noticed in the pictures of the samples, where the solutions in contact with COK-12_500 (1 B;
2 B) are much lighter than the initial solutions (1 A; 2 A). For congo red, COK-12_500 did not
work, which can be observed in Figure 4.28 (3 B).

S_Alg OMS(500)_8%_N, worked with high removal efficiency for methylene blue (92.41%)
with an adsorption capacity of 18.5 mg/g. Although in the Figure 4.28 (1 C) the color of the
sample is not as high as the sample with COK-12_500 (1 B), the UV analysis shows that it works.
For congo red it apparently worked quite good (removal efficiency of 82% and adsorption
capacity of 8.2 mg/g), but an experimental error was made: half of the volumen of initial congo
red solution was put in comparison with the other 8 samples, but the mass of adsorbant was the
same as in the other samples. For thodamine 6G it did not work (removal efficiency of 4.58%),
which can be observed in Figure 4.28 (2 C).
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S_Alg OMS(500)_8%_CaCl, worked with high removal efficiency for methylene blue (90.82%)
with an adsorption capacity of 18.2 mg/g. For congo red it wotked but with a lower removal
efficiency (72.38%) and an adsorption capacity of 14.5 mg/g. It can be observed in Figure 4.28
where the sample with S_Alg OMS(500)_8%_CaCl, (3 D) has a higher color than the original
congo red solution (3 A). For thodamine 6G it did not work (removal efficiency of 2.99%).

In contrast to rhodamine 6G, the OMS spheres show better removal efficiency (>72%) and an
adsorption capacity of 8.2 mg/g for S_Alg OMS(500)_8%_N, using a dosage of 10 g/I and 14.5
mg/g for S_Alg OMS(500)_8%_CaCl, using a dosage of 5 mg/l. The main reason is that
rhodamine 6G have a positive charge when it is in a water solution and the OMS powder has a
negative charge, so that there is an attraction. Congo red has a negative charge when it is in a
water solution, so there is repulsion between the OMS powder ant the congo red. The spheres
contain sodium alginate and they have a positive charge, so in this case there is an attraction
between the congo red and the OMS spheres. Between the speheres and the rhodamine 6G there
is a repulsion, because both have a positive charge. This would mean that it follows the model of
the langmuir isotherm, but the spheres show also a high removal efficieny with methylene blue
although both have a positive charge, so maybe there is another model which explains it better
than the langmuir isotherm.

A positive aspect of the spheres in contrast to the powder is that they can be removed easier
from the water.

Figure 4.28 Samples of the different solutions: methylene blue (1), rthodamine 6G (2) and congo red (3)
without adsorbant (A), with COK-12_500 (B), S_Alg_OMS(500)_8%_N. (C),
S_Alg_OMS(500)_8%_CaCl..
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Table 4.7 Adsorbance (mg/ml) and concentration (ppm) of each adsorbant for each solution.

Component Adsorbant Adsorbance Concentration
(mg/ml) (ppm)
MB - - 100
MB COK-12_500 0.30 4.91
MB S_Alg_ OMS(500)_8%_N, 0.48 7.59
MB S_Alg_OMS(500)_8%_CaCl, 0.58 9.18
RH - 3.34 100
RH COK-12_500 0.02 0.60
RH S_Alg_ OMS(500)_8%_N, 3.19 95.51
RH S_Alg_OMS(500)_8%_CaCl, 3.24 97.01
CR - 1.65 93.28
CR COK-12_500 1.57 88.7
CR S_Alg_ OMS(500)_8%_N, 0.20 11.30
CR S_Alg_ OMS(500)_8%_CaCl, 0.37 20.90

MB: Methylene blue
RH: Rhodamine 6G
CR: Congo red

Table 4.8 Removal efficiency (%) and adsorption capacity (mg/g) of each adsorbant for each solution.

Component Adsorbant Removal Adsorption
efficiency (%)  capacity (mg/g)
MB COK-12_500 95.09 19.0
MB S_Alg_ OMS(500)_8%_N> 92.41 18.5
MB S_Alg_ OMS(500)_8%_CaCl, 90.82 18.2
RH COK-12_500 99.40 19.9
RH S_Alg_ OMS(500)_8%_N> 4.49 0.9
RH S_Alg_ OMS(500)_8%_CaCl, 2.99 0.6
CR COK-12_500 4.58 0.9
CR S_Alg_ OMS(500)_8%_N> 82.00 8.2
CR S_Alg OMS(500)_8%_CaCl, 72.38 14.5

MB: Methylene blue
RH: Rhodamine 6G
CR: Congo red
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4.4 Tape production

A very thin and flexible membrane was obtained, as it can be seen in Figure 4.29 and Figure 4.30.
For the ones with alginate in its composition it didn "t work at the beginning, as it can be
observed in Figure 4.31 and Figure 4.32, because the membranes got destroyed in the freeze
drying process. But finally, by increasing the thickness of the membrane from 0.2 mm to 0.5 mm
it worked for a composition of T_Alg95_OMS5(400)_8%.

Figure 4.29 Tapes compound of alginate: T_Alg 4% (LEFT) and T_Alg 8% (RIGHT).

Figure 4.30 Tape compound of alginate 8 wt%.
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Figure 4.31 Tapes compound of alginate and COK-12 with different compositions: A)
T_Alg60_OMS40(400)_8%, B) T_Alg_ OMS(400)_8%, C) T_Alg70_OMS30(400)_8%,
D) T_Alg_OMS(400)_8%.

Figure 4.32 Tapes compound of alginate and COK-12 with different compositions: A)
T_Alg90_OMS10(400)_8%, B) T_Alg95_OMS5(400)_8%.
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REM pictures were taken to observe the structure of the membranes. In Figure 4.33 it can be
observed that the membrane with a composition of 4 wt% alginate is full of pores of different
sizes. The membrane with a composition of 8 wt% alginate has much more pores than the

membrane just mentioned, which can be seen in Figure 4.34.

Mag= 100X  EWT= 300KV  SignalA=inLens Dete 8 Jun2017 = 1.00KX EHT= 300KV  Signal A= InLens Date 8 Jun 2017
Apertus Size = 3000m WD = 13.1 mm - File Name = 4%Alg_Folie08 f Tue porture Size = 4000 m WD % 13.1 mm - File Name = 4%Alg_Folie08 8¢ v

100X  EHT= 300KV  SgnalA=Inlens Date 9 Jun2017 00KX EHT= 300kv SignalA=InLons Date 8 Jun2017
Oum WD =13.0mm File Name = 8%Alg_Folie18.6f 5 1 WD=130mm File Name = 8%Alg_Folie16 8

Figure 4.34 SEM-images of Alginate [8%] film transversal section.

In Figure 4.35 the cross section of the membrane T_Alg95_OMS5(400)_8% can be seen. It can
be observed that the pores go from one side to the other and that there are also pores in the
transversal direction.
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Figure 4.35 REM T_Alg95_OMS5(400)_8% cross section.

In Figure 4.36 the transversal section of the membrane mentioned above can be observed. There

are many pores of different sizes and looking on the close area, the OMS can be observed inside
of the alginate.
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00X  E Mag= 200KX EMT= 300kV  Signal A=SE2 Date 21 Jul 2017
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Aperure Sze = 2000pm WD =11.9mm  File Name = Ulla_8AIg-OMS_TV_05.tif

Figure 4.36 REM T_AlIg95_OMS5(400)_8% transversal section.
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5 Conclusions and outlook

The first goal of this work, which was to produce COK-12 in large quantities, mantaining its
characteristic mesostructure, was accomplished succesfully. The OMS material exhibits the
expected mesostructured for materials templated with the triblock copolymer P123. A bigger
amount of the material in comparison with others reported before was synthesized in batch.

Different calcination temperatures ranging from 350°C to 900°C were studied to see how the
final product changes. The calcination temperature at the removal of the template had an
important influence on the material characteristics. Apart from the color of the material, which is
brown at low calcination temperatures and white at calcination temperatures higher than 450 °C,
it was observed that the pore size of the COK-12 decreases with the calcination temperature.
Another fact that was confirmed by SAXRD experiments is that the long-range hexagonally
ordering is higher at lower temperatures. But one of the most important facts discovered is that
the amount of silanol groups decreases with the calcination temperatures. There is a need of
silanol groups for further surface functionalization of COK-12 with functional organic groups,
which could be relevant for example for medical applications, sorption or drug delivery. Carbon
groups could be also important for further functionalization and they decrease with the
calcination temperature. Therefore, depending on the groups needed for the functionalization the
calcination should be done at higher or lower temperatures.

A second method to remove the template from the material was studied, the extraction with
methanol, but it didn’t work as expected. Different periods inside of the ultrasonicator were
tested, but in all of them the carbon content after the extraction was very high. It is possible, that
increasing the temperature in the ultrasonicator and using longer periods it works better. This
could be studied in the future, because the extraction has some important benefits in comparison
to the calcination: it would be cheaper, faster, with less environmental impact and it could have
positive effect on surface characteristics

The third goal of this work was to produce spheres composing of alginate and COK-12. After
trying two different methods, production with liquid nitrogen and without liquid nitrogen, the
results of the analysis showed that spheres produced with liquid nitrogen had much more and
bigger pores, which could be a positive aspect for some applications. In the spheres produced
with liquid nitrogen there are more silanol groups, which is also an important reason to use these
spheres in stead of the spheres produced without liquid nitrogen.

The fourth goal, producing membranes or films compound of alginate and COK-12, was carried
out successfully, althought only membranes with a little percentage of COK-12 were obtained.
The membranes produced are very thin and flexible. Pores in the cross and transversal direction
were observed in REM pictures, which is a positive aspect for the use of these membranes in
application fields such as catalysis. A continuous or semi-continuous membrane production could
be possible due to the fact, that the freezing process takes place in less than 1 minute with the
process employed for this work.
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