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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
severafields such adrug delivery, adsorption, separation and catalysis. The most widely known
OMS is SBAL5, but COK12, wich was discovered in 2010, has analogous properties and it’s
synthesis shows some advantages in comparison -tth SBAk12 synthesitakes place at

room temperaturand almost neutral pH and it's quicker, more inexpensive and environmetally
friendly.

In this thesis two different synthesis methods of the ordered mesoporous silica maté&ial COK

were studied, in order to fitlte best sythesis 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 @ie final product were studied, specially the pore morfology and the
surface clracteristics.

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



Kurzfassung

Ordered Mesoporous Silidslaterialien, auch OMS genanstnd eine Gruppe von
SiliciumdioxieNanomaterialien 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. Daskannteste OMS ist SBA, aber COKL2, das 2010 entdeckt wurde,

hat analoge Eigenschaften und seine Synthese zeigt einige Vorteile im Vergleith. 2ieSBA
COK-12-Synthese erfolgt bei Raumtemperatur und nahezu neutral®ertpiihd ist schneller,
preswerter und umweltfreundlicher.

In dieser Arbeit wurden zwei verschiedene Synthesemethoden des geordneten mesopordsen
Siliciumdioxidmaterials C@K untersucht, um das beste Syntheseverfahren nach den jeweiligen
Eigenschaftsanforderungen zu vervollstanddgefjedem der beiden Synthesenoden gab es

einige Variationen in dem Verfahren und die sich dndernden Eigenschaften des Endprodukts
wurden untersucht, insbesondere die Porenmorfologie und die Oberflacheneigenschaften.

Da COK-12 Anwendungen in der Katalyse und Adsorption hat, warderser Arbeit Spharen

und Membranen mit COK2 in verschiedenen Zusammensetzungen hergestellt. Die Ergebnisse
werden in dieser Arbeit gezeigt.
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Introduction

Ordered mesoporous silica materials (OM&3 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 materile COK12, could be usedlat in the future because it has
analogous properties to another OMS material which is being used nowadaysl3h&8BA

the synthesis of COK2 takes place at room temperature and almost neutral pH and it’s much
more environmentally friendly. The fat COK12 is formatted almost immediately could
theoretically permit it’s continuos synthesis.

The first part of this thesis is about the synthesis andupastdlinggf COK-12. The material
produced has been later used for investigation, which is also reported in this thesis. In this part,
the first purposeis to produce COKL2 in large quantitiesnaintaining its characteristic
mesostructure.

The second part of thikesis consist of a calcination temperature study in order to see how the
COK-12and its pores change. As the calcination temperature useslymttasis according to
Jammaer, et.’ak 500°C, calcination temparas between 350°C and 900°C bhaesstudied.

In this part, another method of elimination of P123 was studied. In stead of calcining the
copolymerit was extracted with methanol, which is cheaper, quicker and with less environmental
impact. Keeping in mind that the properties of GOK chage with different calcination
temperatures, the secqmatposeof this work igo reportabout the material characteristics at

each calcination temperature, trying to find the optimum depending on the properties needed for
each application.

The third parof this work dealwith the produaebn of spheres of alginate and GOX Two
methods were used: productwith liquid nitrogen and productievith calcium chloride. Using

the COK12 produced in batch, spheres of diverse compositions were produceddrand la
analyzedn order to characterize them. The third purpose is to use thelZ®Kform of
spheres, which is interesting for some applications like water purification.

The fourth part of this thesis comprises the production of membranes @ofiipsund of
alginate and COK2. For its production, tape casting was used, freezing the solution almost
immediately with liquid nitrogen and later drying it in the freezeTthgdast purpose of this

work is to produce membranes with GOKinside, whh could be interesting for applications
such as catalysis.

Vi



This thesis is organized as follows:

Chapter ihcludes a historical overview of OMS materials, the synthesis mechanism of them and
the synthesis of COK2.

Chapter @esents theharacterization methods used throughout this work.

Chapter #cludes the synthesis and upscalingc©K-12 with the different calcination
temperaturgand the extraction with methanol as an alternative to calcination. It also describes
the production of spheres and films

Chapter gresents the results of the thesis, discubgrgalcination temperatures, the methanol
extraction and the charactermaf spheres and films.

Chapter fummarizes 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 cargares, which are usually filled with a liquid offbas.
skeletal material can be a solid or a fAgrorous solid is a solid that contains cavities, channels
or interstices which are deeper than they are wide. These cavities, or pores, ass classified

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.

Tablel.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
Avalilability to an external Closed pores Completely isolatgabres
fluid: (Figure 1.1 a)
Open pores Continuous channel of

communication with externs
surface (Figure 1.1 b, c, d, €

Blind pores Open on one end
(Figure 1.1 b,f)
Through pores Openon two ends
(Figure 1.1 e)
Shape: Cylindrical Either open (Figuré.1 c) or
blind (Figure 1.1 f)
Ink-bottle Figure 1.1 b
Funnelshaped Figure 1.1 d
Slitshaped Figure 1.1 c




C

Figure 11 lllustrative crossection of a porous sdlidror details see Table 1.1

1.2 Ordered mesoporousilica materials

Ordered mesoporous silica (OMS) materials were discovered in the early 1990sematnieave

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 mesopous materials have many application areas, such as drug? delivery
electrochemesfrysensiny dioadsorptioh separatiorand catalySis

1.3 Synthesis of ordered mesoporous silica

1.3.1Synthesis mechanism

Ordered mesoporous silica materials can be synth®sized different templating methods:
softemplatinghich is based on a-assembly of silica and surfactant molecules@emplating
in which the structurdirectingagent is a structured solid

There are different mechanisms for the softtemglatiOMS. Refirst mechanism is callede
liquid crystal templatechanismn wicha high concentration of the templating surfactant leads
to the formation of mesophagasor to the addition of silica. The second mechanisine is
cooperative-assiémbiyechanismwhere the process of sedssembly occurs even at low
surfactant concentrations guided by the interactions between surfactanf.and silica



COMPOEIta: Inorganic mesoporous maleral
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Figure 12 True liquid crystal templating mechanism (a) and the cooperatissesalily mechanism (b)
for production of MCM4 117,
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1.3.1.1 Processes involved in ordered mesoporous silica synthesis

In this work, the OMS has been synthddaikowing the precipitation protocol, alnconsists
of five steps: reaction, solid recovery, washing, dryitengidte removal.

The firststep consists of two sgkeps: reaction and maturation. In thedirbistep, 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 sulzgjey is often required

to consolidate the silica walls by increasindetree afondensation. In this step temperatures

up to 150 °Gind maturation times up to 48dn be required.

In the second step, solid recovery, vacuum filtration is usually sesgarate the solid organic
inorganic hybrid from the solveitthis sép could be a difficulty in the continuous OMS
synthesis.

In the thirdstep washingthe recovered solid is washed in order to remeprbycts and

other unwanted components. It can have an influence on the final properties of the material and
it is ale useful, because it can help in the removal @drti@dting agent, reducthg amount

of energy thateededn the final step.

Thefourth stepdrying takes place at temperatures between 50 and 80 °C and it can produce
some changes in the mesoplk#seture 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 teimplate removalvhich is the last gtgs calcinatioand in some

cases extraction is also used. Calcination temperature has to be chosen depending on the
molecule used as a template. Higher calcinations tempemgytesit the template will be

completely removed, but it can also mdkédyproperties 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.

1.3.2Synthesis of COK12

COK-12 is produced in a faster, inexpensive and more environAfigerally way in

comparison to other OMS materials. It is synthesized at room temperature by incorporating a
solution of sodium silicate to a buffered (pH5) 4queous solution of spleafiP123 micelles.
Details are explained in section 3.1.1.

The stages of formation of C&K can be observed in Figure 1.3, where there is a short
explanation of each step.

Figure 13 Schematic representation of the stafgiesmation of COK12. (a) Silica species precipitate on
the PEO blocks of the spherical P123 micelles which are in solution. (b) At a critical silica concentration,
steric stabilation is lifted and (d) spherical micelles coaleiste cylinders thiancrease in size.
(e) Further addition of silica species leads agtregation of the cylinders and eventually to the
formation of a a&limentional hexagonatlydered mesostructdte



1.4 Sphereproduction

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 sphes=fore, spheres consisting
partially of COK12 have been studied durying thiskwbhere 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 solutisosthat the spheres have been formed immediately

by shaping and solidifizat. The concrete procedure is explained in the experimental part of the
thesis.

1.5 Film production

As COK-12 has many applicatiareas, there are some of tlvgmere it could be interesting to

have the OMS material in form of a film or membrane. Separaticatalysis are two examples
where it could be useful to have a film containing-CDKo 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 sectionthe characterizah techniques used tharacterize theaterials produceate
described. Thereas overview of the technique, the information that can be olmatinedch
technique ah methods for sample gparation Characterization of COK2 materialsind its
granulesncludes:

-Smalangle Xray diffraction: pore oedinganalysis

-Nitrogen sorption: pore shape analysis, determination of specific surfaperarea
volumeandpore size distribution

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

-Infrared spectroscopgnalysief chemical composition

-Energydispersive Xayspectroscopyelemental surface analysis

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

2.1 Smallangle X-ray diffraction

Smalangle Xray diffractior(SAXS is used for the determination of the microscale or nanoscale
structure of particleystems in terms of sugbarameters as averaged pgees, shapes,
distribution, and surfate-v o | u me r at ddestructivie tarfd saccuaate method and it
usually requires only a minimum of sample prepafasiostructural crystallographic anatysis

an atomic level, larg&alues are usedsing small Gvalues (usually between 0.1° to 10°),
domains with larger dimensions can bestudied, between 1 and 200 ramglsmslay
diffraction, SAXRD)With SAXRD it is possible to determine the lattice parametdrich
corresponds to the distance between the center of each pore, and the interplardifos@acing
given orientation.

Given their wavelength,-rdys can penetrate bulk solids and intevaht matter, giving
information regarding the crystallographic or structural properties of the material. By measuring
the anglalependent distribution of scattered radiation (intensity), pbssible to draw
conclusions about the average particle wtetict

Given that the radiation wawasitted by neighboring atoms are synchronized, coherent waves
are produced that resultdanstructre interferengewhich gives information about the particle
structure that depends on the angle of observat®dnTHls scattering of waves in
specificdirections is represented by Braggds

cQ OE} & _
Where:

d: interplanar distance of thid planes
G: scatterhkiplgnesasngl e of t he
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n: positive integer naming the order of the reflection
k : velergth of the incident wave

The scattering planes are recognized by the Miller ih&lces (

L]
r -
¥-ray heam
%ﬁ,

sarmple in :
solUtion W-ray detector scattering cLrve

Figure2.1Schematic representation of the functioning of 8AXS

X ray beam

Crystal atoms
d
@ L © ® L o @

Figure2.2Bragg’s law of diffraction, in which three radiation waves of ideatiel@ngth interact with
three atoms within crystalline solid and are scéttered

For this work, smadingle Xray diffraction curves were obtained using a Bruker

AXS D8 ADVANCE Xray diffractometer with a Bré@@gentano geometry equipped with
alynxEyd D detector (CuKal radiation wavelength
carried out between 0.5 and 6.0%&lue, with a step time of 1 s/0.0003° at 35 kV and 40

mA and with a 280 mm samgktector distance. The patterns were analyzed using the
Diffrac-Plus/EVA software from Bruker AXSgflections were identified using the same
software.

2.2 Nitrogen sorption

The adsorption of nitrogen is a method usedetermine the specific surfacea of porous
materials. The relation between the amouatlstsand the equilibriupnessure of nitrogen is
known as thadsorption isothBepending on the size and shap&hefpores, the physisorption
behavior varies.



Physisorption can be divided in two cdsethe case opores less than 2nm widri¢noore
filling, physisorptiomccursin one single stem the case of pordswetween 2 and 50 nm wide
(mesoporesphysisorptin is a twestep process, calletbnolayaultilayexdsorpti@nd capillary
condensation

When all the adsorbed molecules iareontact with thesurface layer of the adsorbent
monolayer adsorption occurs multilayer adsorptioiby increasing the pressuine adsorption
spaceaccommodates more than one layer of moletdes.step aftemonolayemultilayer
adsorptionis the capillary condensatiomvhich occurs below the pure liquid's saturation
pressureDuring this step the remainiagailable pore space is filled with condensate that is
separated from the gas by a meni3tus process differs from micropore fillinghe fact that
there is no meniscus formatiorha lattex.

Sorptiondata is presented graphically in the foradebrption isotherms, plotting the amount
adsorbed against the equilibrium relative preSterénternational Union dfure and Applied
Chemistry (IUPAC) has established an adsorption isotherms class(fegticn?2.3)

Specific amount adsorbed n

Relative pressure p/p°
Figure2.3Types of adsorption isotherms as classified by IUBAE text for details.

Type | isotherm result from microporous solids with relatively small estdaca.

Type |l isotherm is obtained with a forous or macroporous adsorbent, in this type of
isotherm the poirB indicates the stage at which monolayer coverage is complete and
multilayer adsorption begins.

Type lll isotherms occur when there issakvinteractiobetween the adsorbate and adsorbent.
Type IV isotherms exhibit a characteristysteresis loop, which isoassted to capillary
condensation, and also exhibits the initial monataylayer adsorption behavior. This type of
isotherms very common for many industrial adsorbents.
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Type V isotherm is uncommon, and is also related to weak aesdsbetent interaction.
Type VI isotherm represents stepwise multilayer adsorption on a uniform nonporous surface.

Looking at the hysteresisadsorption isotherms, information can be obtained. First, monolayer
adsorption occurs (Figure 2.4 A, B, C). The next step, capillary condensation, tdlkes place
increasing the pressuag a critical absorbed film thickness, so that the adsorbed volume
increases and it is associated with the pore dimensions (Figuri@)2 At @he beginning of
desorption, evaporation occurs at lower relative pressures than condensation, so that the
hysteresis loop is formed (Figure 2B)Elt is related to the poopening.

A B
E

Figure2.4Schematic representation of multilayer adsorption, pore condensation and hysteresis in a single
pore. (A) monoayéormation, (B) multilayer adsorptionscapillary condensation, (E) pore
evaporation by a receding meniscus, (F) deséiption

F

D

In Figure 2.5, four types of hysteresis can be seen. In hysteresis tyiaem ldésociated with
mesoporous materials withiform pore size and cylindrical, the two branches are almost vertical
and parallel over a large adsorbed volume oge.be associated with mesoporous materials

with uniform pore size and cylindrical pofege H2 hysteresis is often associatéal wi
spherical pores with narrow openings that connect them. Type H3 hysteresis is associated with
aggregates of pldike particles that give rise to-ldli¢ pores. In type H4, associated with
narrow sldlike pores, the branches are nearly horizontgleaallel.



H2

H3 H4

Amount odsorbed ——
-

Rubative prEssure —=e

Figure2.5Types of hysteredpps as classified by IUPAC

Nitrogen sorption isotherms were recorded at 77 K on a (R@thr&tation 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 determinegiordatal

mesopores was based on nonlocal density functional theory (NLDFT). Pore size distribution
of micropores wasbased on -plot methods. All data was analyzed using the
Quantachrome/QuadraWin software.

2.3 Scanning electron microscopy

A scanning edtron microscope (SEM) scans a focused electron beam ovacetsucreate
highresolutionimages. The electrons in the beam interact with the sample, producing various
signals that can be used to obtain information about the surface topography @siticcomp

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 integratedispergiye Xay
spectroscopy (NorgBystem 6, Thermo Scientific). Samples were immobilized on
conducting carbon pads and then sputtered with a thin layer of gold to prevent Sbanging.

samples were immobilized in expoxi resin and sanded with 180 grit sanding paper.

10



2.4 Energy-dispersiveX-rayspectroscopy

Energydispersive Xay spectroscopfeDX) is an analytical technique used foretamental

analysisr chemical characterizatioina sample. The EDS technique deteraysemitted from

the sample while focusing into the sample an electron beam to characterize tia¢ elemen
composition of the analyzed compounthen 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, aag isneritted to balance

the energy difference between the two electrons' statestayhenrrgy is characteristic of the
element from which it was emitted.

EDX was carried out on a Zeiss Gemini Leo 1530 scanning electron microscope with integrated
enegydispersive Xay 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) softwar

2.5 Transmission electron microscopy

Thetransmission electron microsc¢piM) operatesimilar to SEM. However, thin films and
small samples are transmitted by an electron BEMs.can reveal the finest details of internal
structure- in some caseassmall as individual atoni$ie specimen is most often an ultrathin
section less than 100 nm thick or a suspension on @mgrichage is formed from the
interaction of the electrons with the sample as the beam is transmitted through the specimen.

A FEI Tecnai G2 20-3WIN transmission ettron microscope (FEI Comparindhoven,
Netherlands) equipped with a La®érce aR00 kV acceleration voltage wsed. Images were
recorded with a GATAN MS794 P C&Bmea. The microstructurgore size and pore
shag/morphology) of the samplesasvstudied at the DepartmentEéctron Microscopy
(ZELMI), TU Berlin.

2.6 Infrared Spectroscopy

Infrared spectroscoiR) is the analysis of infrared light interacting with a molébeldR

spectrum of a sample is recortgdpassing a beam of infrared light through the sarhe.

can be analyzed in three ways by measuring absorption, emission and reflection. Molecules
absorb frequencies that are characteristic ofsth&iture 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 molecul8peldroscopyneasures 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 hasiagg For a symmetric molecule

there is no change in dipole when the moleduiates, sat 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 63GTIR Spectrometewas used and it was measured in attenuated total
reflection (ATR).

2.7 Inductively Coupled PlasmaOptical Emission
Joectroscopy

Inductively Coupled Plasf@ptical Emission Spectroscopy a multelement analytical
technique that caprovide elemental composition of a wide variety of sample types, such as
powders, solids, liquids and suspensions. Solid samples are generally dissolved or digested using
combination of acids in a closed microwave system, thus retaining potentianaige
speciesThe resulting samples are introduae 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 elerspetiic, 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 emissieatsgscopy was carried oataHoriba Scientific

ICP Ultima2. Samples were digesteahiaqueous suspension withatdition of HNO3 and
HF at 200°C for 5 h in an autoclave.

12
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2.8 Elemental Analysis

ElementalAnalysisis a processwherea sampleof somematerial(e.g.,soil, waste,minerals,
chemicalcompounds)is analyzedfor its elementaland sometimesisotopic compositon.
Elementalanalysisan be qualitative(determiningwhat elementsare present) and it can be
guantitative(determininghow much of eachare present) Elementalanalysidalls within the
ambitof analyticathemestrythe setof instrumentsnvolvedin decipheringhe chemicahature
of ourworld.

Elementalanalysisvas carriedout on a Thermo FlashEA 1112 ElementalAnalyzerof the
ThermoFinniganCompany.
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Figure2.6Schematic representation of the functioning of elemental @nalysis
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3. Experimental

3.1 COK-12batch synthesis

OMS synthesis normally requires harsh synthesis conditions such as very basic or acidic media
and high temperature hydrothermal treatmé&hésdiscovergf COK-12 marked the first OMS

synthesis that circumvents these conditions. The reaction takes rplawetamperature and

under quasneutral pH, and employs a more inexpensive silica source than that used for most
OMS materials synthésisOMS monoliths have found applications in sepdfatoml

catalysia

3.1.1Reference material synthesis: powder COK2

Powder COK12 was synthesized according to Jammae¥, bualising 25 times the quantities
of the original synthesis protocol.

First of allL0Q0 g of the triblock copolymerPluronR&23 (SigmaAldrich) (structure directing
agent) were dissolved 2687.mldistilled water (DIW), stirring with a magnetic stivkédren

P123 was totally dissolvéd,50g tisodium citrate (Roth) are@.1g citric acid monohydrate
(Roth) were incorpored to create a buffeiith a pH between 4 and After stiring for 24 h, a
solution 0f260.0g of salium silicate (Roth) an®0.0ml DIW was prepared aratided.Solid
formation was observed immedia{€igure 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 andvashed thoroughly with 12500DIW. (Figure 3.1¥%o0lids were dried overnight in a
cabinet dryer at 60 °@fter that,two methods to remove the organic templating agent were
studiedrcalcinatiorat different temperaturdsr 8 h, with a 1°C/min heating rarapexraction

with methanol
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Figure3.1Immediately solid formation just after adding the silaates (left) and filtration process
(right).

Figure3.2Solids after filtration.
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Table3.1Synthesis conditions for upscaled EX2Kmaterials synthesis.

Material  Batch P123 DIwa Citric Sodium  Sodium  DIWb DIwe
size [a] [mi] acid [g] citrate [g] Silicate [ml] [ml]

[d]

COK- 25X 100.0 2687.5 92.1 63.50 260.0 750.0 12500
12-25X

aFor P123 solutior? For sodium metasilicate solutiéior washing

3.2 Extraction and calcination temperature

To study the influence of calcination temperature on pore structure and surface characteristics,
calcination was studiatl9 different temperatunesging between 350 and 900 °C for 8 h and a
heating ramp df°C/min. (Table 3.3)

Furthermore, istead of alcinationthe extraction of the sefmplate with methanol was
investigatedFirst, 200 ml DIW were added to 2.0 g of the dry uncalcined solid and then it was
put in an urasonicator at room temperatukéter that it was filtered and washed thorogitly w

400 ml methanol. Finally, it was dried overnight in a cabinet dryer Me30&@ol extraction

was done varying theng inside of the ultrasonicator. (Table 3.3)

Table3.2Calcination temperatures used and times in the ultrasonicator useddtrahel rextraction.

Calcination temperaturr  Methanol Extraction Sample Code
[°C] time in the ultasonicato
[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
copolymer

Pluronics P123

+ water

4 hours (RT)

trisodium citrate
and citric acid
monohydrate

buffer

24 hours stirring

sodium silicate
+ water

24 hours aging

filtration and
washing

dryin cabinet (60°C)

Extraction with
MeOH

. ultrasonicator (5min)
calcination

.>

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

Figure3.3Schematic of COK 2 batch production with two different methods to remove the organic
templating agent: calcination and extraction.
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3.3 Spheresproduction

Spheres consisting of algimateomposites of algitteand COKk12 were produced lsphaping

and solidification in i) liquid nitrogen and ii) in a calcium chloride solution. d lo¢ alginate

to COK-12 was vad from 100% alginate to 70% CQ@K Sodium alginate (SIGMA
ALDRICH) was used, stirring with a magnetic stirrer to disolve it in waterlZ€3fcined 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 punhpspéed of 3obmand a tube of a diameter3ofnm
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 werd fonmegliately(Figure

3.4)The spheres were quicktgred in a freez€&80°C) afterwardg\fter that they we put in a

freeze dryerZjrbus technologies, Sublimator VaCo 5) atr@lidr and80°Cfor 72 h When

this process was finished, the sphetese put in a 4% calcium chloride solufiiwr24h, so

that the particles got crosslinked. Finidlgy were washed with destilled water 5 or 6 times and
putin the freeze dryer again for 72 h

Figure3.4Spheres 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 inmedi@eyre 3.5Nhe solution with the spheres

inside was aged for 24h and then washed with destilled watemesr Bitiallythey wee out

in the freeze dryer for 72 h

18



Figure3.5Spheres production with calcium chloride.

Table3.3List of the different spheres produced with its compositions. Each type of spheres was done
twice: one time only with calcigifioride (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°@BP%)+Alginate(50%))

S Alg_OMS{00)_4%

[4%]

(OMS (calcined abB°C)(50%)+Alginate(50%)) S Alg_OMS(500)_4%
[4%]

(OMS (calcined at 400°@BP%)+Alginate(50%)) S Alg_OMS(400)_8%
[8%]

(OMS (calcined abB°C)(50%)+Alginate(50%)) S Alg_OMS(500)_8%
[8%]

(OMS (calcined ab@°C)(30%)+Alginate(70%)) S Alg70_OMS3@00) 8%
[8%]

(OMS (calcined aba°C)(40%)+Alginate(60%)) S Alg60_OMS4@00)_8%
[8%]

(OMS (calcined a08°C)(70%)+Alginate(30%)) S Alg30_OMS7@00)_8%
[8%]
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Pump + hose (dropping)

l
N\

L Calcium 24 hours
Liguid Nitrogen Chloride
Freezer = freeze dryer L
24 hours CalciL.Jm
Chloride
Washing Washing
Freezer = freeze dryer Freezer = freeze dryer

Vv W

Figure3.6Schematic of spheres production withditferent methods: with calcium chloride and with
liquid nitrogen.

3.3.1Solubility test

To check the stability of the spheres a solubility test was done. 50 ml of destilledenzier w

in a beaker with 0.150§S_Alg_OMS(500)_8%lnd 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%_CaCtor S_Alg_8%_Cafaind S_Alg_8%_Nthe same followed, but

in this case only 10 ml water and 0.@5 te 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) COK2 calcined at 500 °C as powder, ii) spheres of 8% Alginate arit2 COK
calcined at 500 °C produced with calcium chloride, and iii) spheres of 8% Alginate-dhd COK
calcined at 500 °C produced with liquid nitrogen and calcium chloride were introducgd. 100 m
of each adsorbant wagaduced in one of each solutidie solutions were stirred for 2 h with

an agitation spdeof 400 rpm at room temperature (Figurg Jhen they were centrifuged at

5000 rpm for 5 min. The liquid part was separated fromithpawlby decantation.

Figure3.7Solutions of methylene blue, rhodamine 6G and congo red stirred with different adsorbants:
COK-12_500, S_Alg_OMS(500)_8%_ N2, S_Alg_OMS(500)_8%_CaCl2.

The initial and final concentrations of MB, RH and CR were deterfrom their UWis
absorbance using calibration curve method. UV/VIS/NIR spectrometer (Perkin EImer Lambda
9) was us,&2barald98 km respeitively.

The removal efficency of each @®d%) and the equilibrium adsorption capagifyng/qg)
where calculated as follows:

A #E#AZ o
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3.4 Tape production

To producehe films of the different compositipasfreezing process with liquid nitrogen was
used. The set up shown in the picture consists in a metal baxcoyiper 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 hel@d@innel After 10 minutea temperature 628°C

was reachedn the top of the copper piece, a metal sheet was platen top of it the

solution was castith 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 cofnpietelsnd

placed in a freez€80°C)with the metal shedEigure 3.6\fterwards, itvas put in the freeze

dryer for 72 hFinally, a very thin and flexible film was obtained.

Figure3.8Films production with liquid nitrogen inside of the metal box.
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Table3.4List of the different films produced with its compositions.

Films composition

Sample Codes

Alginate [4%]
Alginate [8%]
(OMS (calcined at 400°@GP%)+Alginate(50%))
[8%]
(OMS (calcined a08°C)(30%)+Alginate(70%))
[8%]
(OMS (calcined a08°C)(40%)+Alginate(60%))
[8%]
(OMS (calcined ab@°C)(70%)+Alginate(30%))
[8%]
(OMS (calcined abB6°C)(10%)+Alginate(90%))
[8%]
(OMS (calcined abB°C)(5%)+Alginate(95%))
[8%]

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_OMS(400)_8%

Liguid nitrogen
inside the box

L 10 min

Tape casting

L 1 min

Film+metal
sheet into the
freezer

Freeze dryer

L 72 hours

tals

Figure3.9Schematic of films production.
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4. Results and discussion

COK-12 was synthesizédo times in batch (one of 25x the original and the other 10x the
original) in order to guarantdee same properties the material for all experimenitswas
synthesizedsing two different methods of elimination of Pi)2&lcination and) methano
extraction.To study he decompositioonf the softtemplate and the influence of synthesized
COK-12, calcination wamne at different temperatures, from 350°C up to 900@ldition,

methanol extraction was investigated to try another method-teisoifite 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 gsrepared powders is shown in Figure 4.1. All calcination temperatures lead to fine
loosely agglomerated powders, whéeolor differs however. The C@R calcined at 350°C

has a pale brown color. This color changes to white in thelZQidicined at higher
temperatures.
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Figure4.1Comparison of COKL2 obtained with methanol extraction (left) and calcination &,350 °
400°C, 450 °C and 500 °C.

The main reason for the pale brown is the remainingleseamposed carbon content of the
softtemplate in the samples, which decreases widasimg calcination temperature from
originally 29.8 wt% for the uncalcined samnople9 wt% for a calcination temperature of 350°C

to <0.1 wt% for 500 °QTable 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 decrsad a bit for higher calcination temperatures. The nitrogen and sulfur content
was 0 wt% in all calcined samples. (Table 4.1)

Table4.1Nitrogen, carbon, hydrogen, sulfur, silicon and sodium content e1 2@i€alcined, calcined
at different temperaturslem 350°C to 900°C and 2 extractions with methanol.

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

uncalcined 0 29.86 5.65 0 - - -
350°C 0 192 1 0 0.14 35.70 0.0039
400°C 0 012 062 0 0.17 40.74 0.0042
450°C 0 015 057 0 0.27 40.71 0.0066
500°C 0 006 064 0 - - -
MeOH 0 1724 343 0 0.06 21.74 0.0028
10min
MeOH 0 2169 404 0 0.06 29.03 0.0021
2x5min

* content of Si and Na was measured withRQEB,* content of N, C, H and S was measured
with elemental analysis
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