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Summary

Historically, porous silica (SiO,) is one of the most used adsorbents for a wide
variety of processes in the industry. However, the fast grown on the demand of new
nanotechnology based materials and sustainable green processes have made necessary
the development of adsorbents with improved physico-chemical properties. One of the
most applied options to modify porous silica is the incorporation on the surface of
organic functional molecules, giving place to hybrid materials, in which the properties
of both components are combined. In this doctoral thesis, supercritical carbon dioxide
(scCO,) has been used as the solvent to carry out the functionalization processes.
Carbon dioxide is a sustainable solvent and its use has been preferred in front of toxic
organic liquid solvents, often applied in the traditional methods of synthesis.
Amorphous silica matrices with structural ordered pores (MCM-41, 4 nm) and
disordered pores (silica gel, 4-9 nm) were selected for the functionalization processes.
Besides, the properties conferred by functionalization to microporous crystaline
zeolites have been preliminary studied. The modifying agents applied in this thesis
were either alkyl (octyltriethoxysialane) or amino
(methylaminopropyltrimethoxisilane) silane and aziridine. The later compound is a
monomer which polymerizes in presence of CO,, leading to hyperbranched
polyethyleneimine (PEI) with multiple amino groups formed into the silica pores. This
novel method only requires compressed CO, as the reagent and the catalyst of the
polymerization reaction of aziridine, which usually requires the use of organic
solvents, a solid catalyst, high temperatures and long processing times. The
functionalization of porous silica with aminosilane in scCO; is more complex than the
case of alkysilanes due to the high reactivity between amino groups and CO, to form
unsoluble carabamate species. However, in this study a protocol was designed to
partially inhibit carabamate formation by controlling the pressure and temperature of
the reaction media. The obtained materials were characterized using solid state
characterization tools: low temperature N, and CO, adsorption, thermal analysis,

infrared spectroscopy and X-Ray diffraction. Moreover, modeling and simulation



methods were used as complementary tools that allowed the study of this complex
systems with a high level of detail. The alkyl chain of the alkylsilane induced to the
porous system a hydrophobic behavior, hence, obtaining materials candidates for oil
adsorption. The functionalization with organic molecules containing the amino group
allowed the preparation of materials for the adsorption and separation of CO, from
diluted gases (CO, sequestration). The CO, adsorption properties of the synthesized
aminosilicas were evaluated combining experimental adsorption tools with molecular
simulations. The characterization of these materials was based on the evaluation of the
overall CO, adsorption capacity and the influence of the temperature, the selectivity of
the CO, adsorption in gas mixtures, the stability in the cyclic adsorption/desorption
process and the kinetics, which were determined by performing both microbalance and

CO, adsorption isotherms at different temperatures.
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INTRODUCTION

The focus of this thesis is the synthesis and characterization of organic-inorganic
porous materials for adsorption applications. For this purpose, porous silica were used as
the inorganic host substrates to be modified with organic functional molecules using a new
procedure for the functionalization. The impregnation of organic functional groups into
porous systems leads to a final products with interesting properties that can be used in
diverse processes, such as catalysis [1], adsorption [2, 3], separation [4], drug delivery [5]

and to develop sensors [6].

Common routes to graft organic functional groups on the internal surface of porous
silica are based on the use of organic solvents that are highly pollutant. Thus, one of the
main goals of this thesis, based on the search of new and alternative synthesis processes, is
the use of supercritical CO, (scCO,) as a green technology to prepare functionalized
porous sorbents. Since the discovery of supercritical fluids in 1822 by Baron Charles
Cagniard, this technology has been used to replace some conventional solvents applied in
the manufacturing of different materials by scCO,. For instance, the extraction of caffeine
from coffee [7], one of the most consumed beverages in the world, or the recent use of
scCO, to extract trichloroanisole from cork stoppers [8], a non desired molecule in the
wine industry, gives us an idea of the importance of the use of supercritical CO, as an

industrial solvent.

In this thesis, supercritical CO, has been used as the solvent media to modify porous
silica with alkylsilanes in order to prepare hydrophobic sorbents; and with aminosilanes
and aminopolymers to develop materials for CO, adsorption applications. The use of solid
sorbents for CO, adsorption and separation processes arises as a potential solution to
mitigate the rapid increase of the CO, concentration in the atmosphere, negatively
influencing the global climate change [9]. In order to slow this increase, great efforts are
being done to reduce the anthropogenic CO, emissions. Large emission point sources, such
as fossil-fuel-based power generation facilities are the first targets [10, 11]. In addition,
CO, is also separated and purified for other several industrial applications, and the process

to be used for this separation depends on the source and the final application. The materials
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applied for CO, adsorption and separation can be classified depending on their way to

incorporate CO,

Hybrids
[ Absorbents ] [ Physisorbents ] [ Chemisorbents]
!_l_\ : r—‘—\
[ 1
Liquid lonic  Zeolites Mesoporous Activated CaO Hydrotalcites
amines liquids silica carbon MgO

Figure 1.1 Common CO, sorbents.

Ideally, a good CO, sorbent should exhibit a fast sorption and desorption kinetics, a
large sorp tion capacity , an infinite regenerability and stabili ty. Aqueous amines ar e
amongst the most used materials applied at an industrial scale. Primary and sec ondary
amines can react di rectly with CO , to pr oduce carbamates through th e formation of
zwitterionic intermediates. The CO, is released upon heating the carbamate. The use of
aqueous amines entails problems relat ed tot he great energy r equired to de sorb the
molecule due to the high heat of adsorption of water, the energy needed to break the strong
bond formed between C O, and th e amine that c auses losses due to amine vo latility,
oxidative degradation and stability problems [11]. Hybrid aminosilica materials are a class
of sorbents merged to overcome some of the problems related to the use of aqueous amines.
The immobilization of aminosilanes on the internal surface of porous silica has several
advantages, such asthe less energy required to release the captured CO, and a better

thermal stability [12].
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THESIS GOALS
This PhD thesis has the following scientific goals:

e To develop a generic scCO, process for the surface functionalization of meso- and
microporous silica with organic functional molecules, in order to improve or
modify their properties as sorbents.

e To obtain quality sorbents, i.e. with a homogenous distribution of the impregnated
organic molecules and with a high thermal stability, exhibiting: (i) hydrophobic
properties by functionalization with alkylsilanes, and (ii)) CO, adsorption
properties by functionalization with aminosilanes and aminopolymers.

e To study the behavior of amino compounds in scCO; in order to overcome the
formation of insoluble species by controlling the operating conditions of pressure,
temperature and the use of co-solvents.

e To demonstrate that scCO,; is an advantageous and effective alternative to liquid
organic methods for the preparation of organic-inorganic porous materials.

e To study the physicochemical properties and the improvement of the modified
sorbents with respect to bare materials in their adsorption of H,O, N, and CO,.

e To obtain quantitative predictions of the adsorption of gases on functionalized
silicas and to provide new insights in the adsorption mechanisms through the use
of molecular simulations

e To predict thermodynamic properties of bulk- and single component adsorption

systems through the use of an equation of state.

The following technical achievements were reached to meet the above mentioned

objectives:

e Engineering of flexible bench-scale facilities for batch production using scCO, as
a solvent and reaction media.

e Engineering of high pressure instrumentation for organic compounds phase
equilibria and solubility behavior in scCO,.

e Development of protocols for designing and evaluating the surface modification
processes using scCO, as the reaction media.

3
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e Development of protocols and methods for off-situ materials characterization:
infrared spectroscopy, thermogravimetric analysis, differential scanning
calorimetry, Karl-Fischer tritation method for water determination, low-
temperature N, adsorption/desorption, CO, adsorption measurements at a wide
range of temperatures, microbalance measurements for cyclic CO;
adsorption/desorption under a gas mixture, X-ray diffraction, MALDI ToF and
static light scattering.

e Development of theoretical structural models of the porous systems using
atomistic procedures (f.i. hard-sphere model, LJ interactions).

e Development of the simulation tools based on the Monte Carlo method and using
the grand canonical ensemble for the carbonation reaction.

e Establishing the theoretical transformation steps required to transform the model
parameters of the mean field equation of state into real parameters of the fluid of

interest.

OUTLINE OF THIS THESIS

This brief introduction aims at establishing the contents and the main goals that the
reader will find throughout this thesis. In the next chapters, the following contents are

developed:

Chapter I - Porous materials, contains a classification of the porous mater and a short
description of their chemical composition, synthesis methods and applications. This
chapter has a special focus in porous silica and in the selected porous systems used in this

work. Relevant information of their textural properties is also given.

Chapter II - Supercritical CO,: properties, applications and high pressure
techonology, describes the thermophysical properties of supercritical CO, and the
advantages of using it in chemical processes. It also presents the study of the
thermodynamic properties of supercritical CO, confined in porous media by using a mean
field equation of state. The equipment building materials and the elements required to set
up a supercritical fluid process are depicted. A detailed description of the equipment and

the different configurations used in this work is provided in this chapter.

4
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Chapter III - Functionalization of porous substrates using supercritical CO,, offers
an initial description of the solid state characterization tools used to evaluate the general
characteristics of the porous substrates. The experimental functionalization procedures are
also described, giving the essential information of the working operation conditions and
the experimental set up. In each section, characterization results confirming the presence of
organic moieties after the functionalization and the textural properties of the processed

porous substrate are given for the different materials prepared.

Chapter 1V, Adsorption properties, is focused on the experimental characterization
of the synthesized materials from the application point of view i.e. hydrophobicity, water
uptake and CO, adsorption. A special attention is given in this chapter to the materials
designed for CO, adsorption properties, comparing the data with simulation results. Data
related to prepared products adsorption capacity, the effect of temperature on the
adsorption, the efficiency, the rates of adsorption and cyclic adsorption/desorption
behavior under a mixture of gases are shown. Molecular simulations are used to obtain
relevant information on the adsorption properties of the porous systems. A wide
comparison of the adsorption properties of the materials synthesized in this work and the
materials from the literature obtained using more conventional synthesis procedures is

finally offered in this chapter.

Chapter V, Conclusions and future work, provides the general conclusions of this

thesis and the research lines that have been opened to continue with further research.
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CHAPTER I
POROUS MATERIALS

This chapter reviews the family of porous materials, including their main properties,
design and synthesis, and applications. In the first sections the main concepts of porous
materials and the methods to obtain porous materials, with an special focus in the
templating method, are described. Porous materials have been classified into three groups
according to their chemical composition. The first group, the organic porous materials
comprises covalent organic frameworks and porous polymers. The second group
corresponds to the large family of inorganic porous materials, which includes carbon
materials, silica, silicates and other minerals. Finally, the last group is formed by the
organic-inorganic porous materials which have been classified by their synthesis method
into metal organic frameworks and functionalized substrates. The bench of porous materias
used in this work, belonging to the categories of silica and silicates, either pristine or

functionalized, are described in detail in the last section.



Chapter | POROUS MATERIALS

1.1 INTRODUCTION TO POROUS MATERIALS

A porous material is a solid with pores, i.e., cavities, channels or interstices, which are
deeper than they are wide [1]. Pores are classified according to their availability to an

external fluid (Fig. 1.1a), to their size size or to the chemical composition.

e Availability to external fluid:

- Open po res, those with a continuous chann el of communication with the
external surface of the solid. They can be open at two ends (through pores (i) ) or
only at one end (blind pores (ii)).
- Closed pores, those totally isolated from their neighbors (iii).
e Shape:
Pores can also be classified according to their shape (Fig. 1.1b) into (i) cylindrical, (ii)
slit, (i) ink bottle, (iv) funnel shaped and (v) irregular.

Two important features are commonly considered in the classification of porous matter,
the pore size and the chemical composition of the network material . Both para meters
significantly influence th e phy sicochemical behavior of poro us materials in different
industrial app lications, such as sorption, cata lysis, molecular sievin g or membrane

separation.

il i i) W ?II

Figure 1.1 Classification of pores according to: a) the pore opennning, being (i,ii) open pores and (iii)
closed pores, and b) the pore shape, including (i) cylindrical, (7i) slit, (iii) ink bottle, (iv) funnel shapped
and (v) irregular pores.
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e Pore size:
The classification of th e po res accordingt oth eir diameter is established byt he
International Union of Pure and Applied Chemistry (IUPAC) [2]:
- Micropores: pores smaller than 2 nm.
- Mesopores: pores between 2 and 50 nm.
- Macropores: pores larger than 50 nm.
Most porous materiales have po res involving several of the above mentioned pore
diameter r anges. An add itional representative characteristic of porous materials is the

porosity, defined as the ratio of the empty pore volume to the total volume of the solid.

e Chemical composition of the network:

Porous materials can be organic, inorganic or hybrid organic-inorganic (Fig. 1.2).

s

Forous polymers

Covalent Organic
Fromigworks

" i
Functionalized silica

M’** Pletal Organic
i Frameworks

Toiy gt

e

j Periodic Mesoparous
] Silicas
-

Carbon nanoiubes

Figure 1.2 Examples of porous materials class ified by their network composition in o rganic,
inorganic and hybrid organic-inorganic.
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- Important gr oups of materials f rom the or ganic class are cov alent organic
frameworks and porous polymers [3].

- The inorganic type is the br oadest class of porous matter and includes z eolites,
microporous carbons, clay minerals, the large family of micro and mesoporous silicas,
etc [4].

- The organi c-inorganic po rous hybrids comprise metal or ganic frameworks and

functionalized inorganic porous materials as most respresentative family members [5].

1.2. METHODS TO CREATE PORES

Several routes have been designed to prepare po rous materials, such as the sol -gel
technique, the foaming and templating procedures, the direct synthesis or the Schiff-base
chemistry [4]. The sol-gel process is a method commonly used to produce porous solid
materials from alkoxides, particularly for the fabrication of oxides of silicon and titanium.

This procedure will be further described in the section dedicated to porous silica products.

The tem plating-fabrication strateg y is the most widely us ed method, dueto its
applicability to process a large variety of different porous network compositions with a
wide range of pore size and well-defined pore morphologies [6]. The templating concept is
based on the condensation of the end product precursors on the surface of a template that is
later removed, thus, forming the void space of the porous material (Fig. 1.3). The pores
created have a shape and size similar to the template used. Some common templates are
organic m olecules, micelles formed by surfactants and in organic porous materials. The
template fabrication method is applied to the synthesis of zeolites and zeolitic products
(materials with a zeolite-type framework structure), ordered mesoporous silica materials,

porous carbons and porous polymers.

e = E lr,',- ¥
r [ 2 Template e
:!E [[ / Condensation " [r; :rl £ ol If IT E} i a
Iy bl " I { & T4
i Frghi

Precursor Template

Figure 1.3 Scheme of the templating method. The end product precursor condensates around the
template and, then, the template is removed by either calcination or solvent extraction.

9
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1.3 ORGANIC POROUS MATERIALS
1.3.1 Covalent organic frameworks

Covalent or ganic frameworks (C OFs) are 2D or 3D crystalline com pounds, entirely
composed by light elements (H, B, C, N and O), and constructed by assembling organic
building units via covalent bonds [3, 7]. The building units are rigid or ganic frag ments,
most of them boronic acids and catechols. Fig. 1.4 shows an example of the building units

used to fabricate a 2D hexagonal COF. !

3_3'5_ COF-5

- - " N 'E*‘-._ :

[ oy -gj 2.7 nm ‘(.g}

[] mm et ?
R h 2 ﬂ.-ﬂ%..

HHTP FREA {‘B—)

Figure 1.4 Example of a hexagonal 2D COF (COF -5) prepared using a solv othermal condensation
reaction between PBBA (a compound composed of a benzene ring with two boronic acid groups) and
HHTP (a flat trigonal building block composed of four fused benzene rings with two O H groups at
each corner) [7].

The wide variety of structural configurations existing for the building fragments offers
a enormous versatility to tune the pores and functionalities of COFs . COFs have a
permanent porosity with pores in the micropore or low size mesopore range, up to 4-5 nm,
as well as high chemical and thermal stabilities. Surface areas are tunable between 500 and
4200 m> g"'. COFs are prepared by mechanochemical synthesis through polycondensation
reactions under th ermodynamic control [8]. The molecular leng th of th e building units
governs the pore size of COFs, while th e shap e of the building units determines the
topology of the porous structures. Schiff-base chemistry is also applied to construct COFs
[9, 10]. The possibility of tunning the textural properties of COF materials have made them
strong candidates in applications for gas storage (including hydrogen, ammonia, methane
and carbon dioxide), adsorption and catalysis [7].
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1.3.2 Porous polymers
1.3.2.1 Micro and mesoporous permanent porous polymers

There are two main strategies for the synthesis of polymers with microporosity [11]. In
the first one, an amorphous hypercrosslinked polymeris formed in th e presence of a
solvent that swells the network. After solvent removal, the extensive crosslinking reaction
prevents the polymer chains from collapsing and a microporous material with high thermal
stability is obtained. An important example is hypercrosslinked polystyrene (Fig. 1.5a)
which is commercialized with a pore volume of 0.5-0.7 cm’ g™ [11]. Hy percrosslinked
polymers are currently applied as adsorbents of organic vapors and organic contaminants

from water, as well as for hydrogen storage [12].

a)
Crosslinking Ly
Sﬂl'\ﬂ’.\'ﬁt 'anadw.ng‘
_— ——
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| Hypererodslinked
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- : e
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-
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— K
B¢

Lamellar Bicontinuous

Figure 1.5 Examples of fabrication methods for permanent porous polymers: (a) Friedel-Craft
alkylation synthesis of h ypercrosslinked polystyrene [11], (b) geometrical constrains applied in
the s ynthesis of Te flon AF 2400 [13], and (c) examples of different geometr ies obta ined for
diblock copolymers [14].
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The second strategy for microporous polymer preparation is based on the possibility of
using solely the geometry of the used monomers to define the microporosity, without the
need of a template or blowing agent. The open void arises from the contorted molecular
structure that prohibits an efficient packing of chains in the solid state. These polymers are
prepared using a combination of hydroxylated and fluorinated or chlorinated aromatic
monomers [15]. They exhibit surface areas between 500 and 1700 m” g"'. There have been
developed several microporous glassy polymers, which exhibit remarkably high gas
permeability. Notable amongst these is the 2.,2-bistrifluoromethyl-4,5-difluoro-1,3-
dioxole—tetrafluoroethylene copolymer, designated as Teflon AF 2400 by Du Pont (Fig.
1.5b) that possesses high thermal stability and low reactivity towards acids, bases and
oxidizing reagents [13].

Permanent mesoporous polymers are block copolymers, comprising two or more
incompatible homopolymer subunits linked by covalent bonds (Fig. 1.5¢) [16]. Block
copolymers can yield a large variety of morphologies, including spheres, cylinders,
bicontinous gyrois, lamellaes, etc (Fig. 1.5¢), with space domains in the order of 5-35 nm
[14]. Block copolymers are commercially available, being important examples

thermoplastic polyurethanes, polyesters and polyamides.

1.3.2.2 Polymer foams

Polymer foams are structures formed by using chemical or physical blowing agents,
together with especific nucleation agents and stabilizers [17]. Some common polymeric
foams are polystyrene, polyurethane, polyethylene and polypropylene. Recently, the use of
compressed carbon dioxide (CO,) is a common method to prepare foamed amorphous or
semicrystalline polymers, especially for biological applications [18]. According to this
method, the polymer is saturated with compressed CO, at a constant temperature and
pressure. Then the system is brought to supersaturation either by reducing the pressure or
by increasing the temperature resulting in the nucleation and growth of the pores [19, 20].
Foamed polymers find applications in gas storage and separation, thermal insulation,

catalysis, sporting equipment, tissue engineering, etc.

12



Chapter | POROUS MATERIALS

1.4 INORGANIC POROUS MATERIALS
1.4.1 Carbon materials

Important microporous carbon m aterials are activated carbons and carbon nanotu bes
[21, 22]. Activated carbon is produced from vegetals (wood, coconut shells, etc.), coal or
polymers by atwo -step pr ocess, involving carbo nization at45 0-900° C inan inert
atmosphere followed by an activation attained at 600-1200 °C in an oxidizing atmosphere
[23]. During the carbonization process, most of the noncarbon elements such as oxygen,
hydrogen, and nitrogen are eliminated as volatile gaseous species creating interstices and,
thus, microporosity (Fig. 1.6a). Activated carbons display surface areas from 500 to 1400
m” g and are characterized by a high hydrophobicity and an elevated corrosion resistance.
Porous carbon materials can be also fabricated with uniform micro- and mesopores by
using the template synthesis method and zeolites or mesoporous silicas as the template
(Fig. 1.6b) [24]. Aside from zeolites, activated carbons represent the class of microporous
materials with the highest industrial significance, partly because of their low production
costs. They are applied in gas separation and adsorption processes, for water purification,
as a catalyst supports or as a hosts for the immobilization of biomolecules for biosensors,

in electrodes for electrochemical double layer capacitors and in fuel cells [21].

carbon
b)
et HF
. ; treatrmient
WY
Zeolitef carbon Jeolite
CoMmposite templated

carbon

SWCN MWCN
Figure 1.6 Representation of carbon materials: (a) disordered microporous activated carbon,
(b) periodic carbon prepared using the template method, and (c) single (SW CN) and multi-
walled (MWCN) carbon nanotubes.
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Carbon nanotubes (CNT s) are allotropes of ¢ arbon with cylindrical structures and
inherent po rosity (Fig. 1.6c). In sing le-walled CNTs, the pore sizes are in two main
ranges: < 5 nm and 10—100 nm [25]. Techniques such as arc discharge, high-pressure
carbon monoxide disproportionation and chemical vapor dep osition are used to produce
nanotubes in commercial quantities. CNTs show high thermal and electrical conductivity,
with applications in electronics and ele ctrochemical. Moreover, nan otubes are used as a
mechanical r einforcement in hi gh perfo rmance ¢ omposites, energy storag ¢ and for

biological and chemical applications [26]

1.4.2 Silica

Silica is the common name for materials composed of silicon dioxide (SiO;) occurring
in bo th crystalline and amorphous forms [27]. Silica is found in nature as a morphous
matter in the form of dense sand and as a crystalline compound in the form of quartz.
Contrarily, synthetic silica is often prepared in the porous form [28]. Porosil is the general
name of synthetic porous crystalline silica that includes zeosils and clathrasils, and silica
gel is the denomination of porous synthetic amorphous silica [29]. In a silica material, the
silicon atom isin a tetrahedral coordination with four oxygen atoms (Fig. 1.7a). Silica
crystallizes in a diamond cubic crystal structure (Fig. 1.7b), whereas in amorphous silica

the tetrahedra are randomly connected (Fig. 1.7¢).
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Figure 1.7 Schematic representation of: (a) the tetrahedra SiO*, (b) the cubic crystal structure of
silica, and (c) amorphous silica.
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1.4.2.1 Sol-gel process

The interest in the sol-gel process began in 1846 with Ebelman and Graham’s studies
on silica gel [30, 31]. Although in this th esis the sol -gel process is described forthe
preparation of porous silica, the method can also be applied to the synthesis of other metal
oxides [32]. In the sol -gel pr ocess, the ter m “sol” refers to a dispersion of collo idal
particles, whereas “gel” refers to a material consisting of a solid three-dimensional porous
network entrapping a liquid phase. The sol-gel process allows the preparation of silica in

different forms, such as nanoparticles, films or aerogels.

Silicon alkoxides of the type Si(OR)s;, where OR is an alkoxy group, are used as the
monomer precursor for the sol gel re action [33]. The most common used alkoxides are
tetraethylorthosilicate (TEOS) and tetr amethylorthosilicate (TM OS). The sol -gel pr ocess
consists of a series of hydrolysis and condensation reactions of an alkoxide, which proceed

according to the reaction scheme shown in Fig. 1.8.

1) Hydralysis

—5i—0R -+ H:D S ——5g—o0H <4+ ROH
Reesterification

Alkowysilane Silamal

2al Water [
condensation
—_—G—p0H + ——S5i—0OH — | — O — 5 —— OH "|" H:U

[ | Hydrotyses |

Siloxame
2bl Alcohol
condensation |
—_——0H + —S—0R =—— &|— O ——§i—0H + ROH
Alcoholysi

Figure 1.8 The three primary reactions the sol-gel process: (1) hydrolysis that replaces alkoxide
groups (OR) by hydroxyl groups (OH), and (2a, 2b) condensation that produces siloxane bonds
(Si-O-8Si) plus the by-products water or alcohol.
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Hydrolysis is initiated by the addition of water to a silane solution under acidic,
neutral, or basic conditions (reaction 1 in Fig. 1.8). Since water and alkoxysilanes are
immiscible, a mutual solvent such as an alcohol, is used to dissolve the silane. Under most
conditions, condensation commences before hydrolysis is completed and reactions 2a and
2b in Fig. 1.8 occur simultaneously. A sol of amorphous silica primary particles (5-6 nm)
is, thus, formed (Fig. 1.9a). Under base-catalyzed conditions in the sol, the primary
particles tend to grow to sufficient size to become colloids (Fig. 1.9b). The colloidal
particles can be separated form the liquid phase by chemical precipitation (Fig. 1.9¢) or by
solvent evaporation (Fig. 1.9d), giving place to precipitated silica. Under acid-catalyzed or
neutral solutions, the interparticle forces between suspended particles in the sol or in the
colloid have sufficient strength to cause considerable aggregation and/or flocculation. Both
colloidal and primary particles can then link together to become a three dimensional
network in a process called gelation (Fig. 1.9¢). For the formation and aging of the gel, a
long period of time, from hours to days, is needed. During the aging period, the strength of
the gel network increases due to polycondensation. The resulting material receives the
name of alcogel. A further step consists on drying the alcogel to remove the liquid from the
interconnected pore network, obtaining either a xerogel by conventional solvent

evaporation (Fig. 1.9f) or an aerogel by supercritical drying (Fig. 1.9g) [28, 34].
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Figure 1.9 Schematic representation of the different stages and routes for silica materials preparation
of the sol-gel process.

The surface chemistry of the silica deals with its hydrophilic character, which is related
to the number of silanol or hydroxyl groups on the surface capable of forming hydrogen
bonds with water molecules. Silanol groups in silica are classified into three types (Fig.
1.10): vi cinal, ge minal and isolated [35]. Vi cinal s ilanols interact stron gly with water
molecules and are responsible for the excellent water adsorption properties of silica. Th e
reported surface concentration of hydroxyl groups per square nanometer on hydrophilic
silica products obtained by sol gel rang es from 4 to 6 OH nm™ [36]. When a calcination
step is needed to obtained the silica products, e.g. fumed silica or ordered me soporous
silica, the surface density of silanols is considerably lower.

" I:-’H b]qumeH {}Hﬂh —H
| I | \ ,f
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Isolated silanal  Vicinal silanols  Geminal silancls

Figure 1.10 Schematic representations of isolated (a), vicinal (b) and geminal (¢) silanols
encountered on silica surfaces.
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The major advantages as sociated with the sol-gel pr ocess in clude low processing
temperatures, high levels of purity, easy control of dopants concentration and the ability to

synthesize multiple component compositions in different product forms.

1.4.2.2 Silica nanoparticles

Colloidal silica is obtained through the sol-gel process (Fig. 1.9b) and stabilized by pH
adjustment [37]. After solvent elimination (Fig. 1.9c,d), sub-micrometric and nanometric
particles are precipitated. Obtained particles are dense and system porosity is associated to
interparticle voids after particles aglomeration. The specific surface area for these kinds of
products is typically in the range of 200 m*> g and upwards. Silica nanoparticles are used
as additives in cosmetics, fillers for paints, in polymer composites, as coating agents and in

adhesives [38].

Pyrogenic or fu med silicais a different class o f nanometric amorphous silica
synthesized from the oxidation o f SiCly at temperatures exceeding 1000 °C (Fig. 1.11),
giving place to non -porous primary particles, typically in the range of 2-50 nm, which
collide to form aggregates of 1-250 pm [29, 38]. The product has a very low bulk density
and a high specific surface area, typically 200-300 m* g"'. Fumed silica is commercialized
with the name of Aerosil® by Evonik. Fumed silica is applied as a thickener and as a high

performance additive [39].

Sicly  0; §iB::

Figure 1.11 Preparation of fumed silica from the oxid ation of SiCl, at high
temperatures.
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1.4.2.3 Porous silica gels and aerogels

A silica gel is an open 3D network obtained by the bulk condensation of either the sol
or the colloidal silica (Fig. 1.9¢). Depending on the applied drying technique, different

materials are obtained: xerogels and aerogels (Fig. 1.91,g).

If the drying step is carried out by solvent evaporation or under vacuum, a xerogel is
obtained (Fig. 1.9f). These conventional drying methods lead to the partial collapse of the
alcogel caused by capillary forces. The volume of the gel is reduced by 50-80 v% leading
to a final pore volumen in the range of 0.4-0.8 cm’ g and a solid with a pore size of 1-10
nm is obtained. Xerogels with micropores are used as high-capacity desiccants, since their
pore size is adequate for an efficient absorption of water molecules. One example is silica
blue, which is doped with cobalt chloride as a color indicator of the adsorbed water
content. The color of the silica blue turns from blue to pink when water is absorbed.
Porous silica gel materials are also used in the refining of oils to absorb phospholipids,
trace metals and soaps. Silica gels can be used as absorbents for sulfur and nitrogen
compounds, CO,, gasoline-range hydrocarbons and aromatics [40].

By eliminating the solvent in the gel via supercritical drying (Fig. 1.9g), the network
does not shrink and an extremely porous, low-density material, known as aerogel, is
formed. The first aecrogel was described by Teichner ef al. in the 1960s [41]. There are two
different methods of supercritical drying, either applying high temperature (HTSCD) or
low temperature (LTSCD) [42]. In the HTSCD method, both the pressure and temperature
are adjusted to reach values above the critical point of the solvent entrapped in the alcogel.
The wet gel is placed in an autoclave and the temperature is slowly raised to ca. 250 °C.
Then, the fluid is vented at constant temperature avoiding liquid phase formation. In the
LTSCD method, the solvent present in the gel is first replaced by pressurized CO, and then
eliminated at low temperature (ca. 40 °C). Aerogels can be produced in the form of
monoliths, when the mature gel is dried in its container, or in the form of aerogel
nanoparticles. In this last case, the primary particles suspension is not aged to form a gel
and the supercritical fluid is used as the reactant media of the sol [43]. SiO, aerogels have

unusual properties, such as extremely low density (< 0.5 g cm™), high specific surface area
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(ca. 600-1200 m* g), high porosity (80-99 %), high thermal insulation values, ultra low
dielectric constant and low index of refraction [44]. Their thermal insulation properties
have made them ideal materials to be applied in home building, vehicles or pipelines.
Aerogel beads can be used as translucent spacers in windows for daylight applications.
Silica aerogels have been also used for the NASA as insulators in space shuttle missions

[42].

1.4.2.4 Ordered mesoporous silica

The family of Ordered Mesoporous Silica (OMS) was discovered by the Mobil
company (USA) in 1992 [45, 46], and it is also referred in the literature as Mobil
Composition of Matter (MCM) or as Mesoporous Molecular Sieves (MMS). OMSs are
amorphous mesoporous products with a high degree of periodicity on the arrangement of
the pores. The different classes of OMS products are obtained through the templating
method [46]. The synthesis requires a source of silica, a structure-directing amphiphile,
such as surfactants or block-copolymers, and a solvent (usually water). In short, the
inorganic source of silica (TEOS or TMOS) is hydrolyzed and then mixed with the
structure-directing agent. The alkoxides polymerize and crosslink around the micelle
template. The mixture is then hydrothermally aged (> 100 °C) for several hours (24-150 h).
The process is concluded with the removal of the template, by either calcination at ca. 500
°C or washing with an organic solvent. Fig. 1.12 shows the scheme of the synthesis of the
MCM-41 phase [46]. As a function of the used surfactant, the micelles can be organized in
different symmetries and the final porous material adopts different structures: 1D
hexagonal for MCM-41, 3D cubic for MCM-48, and 2D-like lamellar for MCM-50 [47].
The type of surfactant also defines the pore size. In general, this class of materials has a
uniform pore size distribution in the mesopore range, tunable between 2 nm and 10 nm, a
high specific surface area ranging from 700 to 1500 m* g, and a high porosity (ca. 1 cm’
g’l). Some cubic MMSs, labelled as SBA-1, SBA-6 and SBA-16, are synthesized under

acidic conditions and have a unusual micro-meso bimodal pore size distribution. OMSs
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are used for catalytic applications and in adsorption processes [47]. Currently, there is an

active research in the adsorption of CO, using OMS products [48-50].
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Figure 1 .12 Synthesis of MCM-41 via the te mplating route. The long alkyl chain le ngth
quaternary directing agents (CTAB) self-assemble to supramolecular species ( micelles), which
generate the formation of the mesoporous silica under hydrothermal treatment.

1.4.3 Silicates

Silicates are defined as compounds containing silicon atoms surrounded by ox ygen to
form anions of the type [SiO,]" (Fig. 1.7a). Natural silicates can exist in both crystalline
and amorphous states [51, 52]. The tetrahedral anions are able to form polymers by linkage
with on e, two, three or fo ur neig hbouring tetrahedra, fo rming siloxane Si-O-Si bo nds.
Other ions can be located in the silicate lattices such as to lithium, sodium, calcium, boron,
aluminum, etc. Some c ations, such as aluminum, are able to isomorphically substitute
silicon atoms in the silica-oxygen tetrahedra. However, most of them are located out of the
anionic framework and play the role of charge balanced cations. Important gr oups of
silicates are the tectosilicates (framework silicates) and phyllosilicates (layered silicates).

The tectosilicates have a three dimensional framework where all four oxy gen atoms of
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each tetrahedral are shared by adjacent tetrahedra. Zeolites are tectosilicates, in which a
substitution of silicon for aluminum occurs [53]. Phyllosilicates have two-dimensional
layers of [SiO4]* tetrahedra sharing three oxygen atoms between each other. Such

structures have the ability to split along definite smooth planar surfaces (clays) [54].
1.4.3.1 Zeolites

The term zeolite was formalized by the Baron A. F. Cronstedt in 1756, who also
established the first classification [55]. Zeolites are hydrated tectoaluminosilicates
constructed by TO, tetrahedra (T=tetrahedral atom, either Si or Al, Fig. 1.7a), in which
each oxygen atom in the corner is shared between two adjacent tetrahedra (Fig. 1.13a)
giving a miriad of different structures with a framework ratio of O/T=2. Low aluminium
content zeolites (Si/Al > 10) have low framework charge, since the silicon atom is
tetravalent. The most important of these are the ZSM-5 zeolite and the zeolite-p (Fig.
1.13b). Contrarily, aluminosilicates with high aluminium content have a negatively
charged framework, which requires balancing with extra-framework positive ions, such as
alkali or alkaline ions. Examples of high aluminium content products are zeolites A, X and
Y with a Si/Al ratio close to unity (Fig. 1.13c). The Si/Al ratio plays an important role in
adsorption, catalysis and ion-exchange applications [56]. Zeolites are of natural
occurrence, but they can also be synthesized under hydrothermal conditions [57]. Roughly,

130 different zeolite framework structures are known [58].

Unique properties of zeolites arise from their uniformity in pore size given by their
crystalline nature. Pores are about the same size of small organic molecules (0.5-2 nm) and
they consist on interconnected cages or channels, which can have dimensionalities from
one to three. Pore volumes in zeolites vary from 0.1 to 0.4 cm’ g”'. Zeolites have many
industrial applications in the areas of catalysis, adsorption and ion exchange. Examples in
catalysis are H,S oxidation, CO, hydrogenation and oxidation of CH4 [56]. As adsorbents,
zeolites are used for the removal of CO, from flue gases and for the separation of sulfur or
O, compounds from air. In ion exchange applications, zeolites major use is as a water

softening in the detergent industry.
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Figure 1.13 Zeolites topology: (a) possible forms of shared tetrahedra composing the
framework, and examples of (b) high Si/Al ratio zeolites and (c) low Si/Al ratio
zeolites

1.4.3.2 Clay minerals

Clay mineralsare  crystalline aluminophyllosilicates, dividedin to kaolinite,
montmorillonite-smectite and illite main groups. Basic building blocks of clay minerals are
SiQ;, silica tetraheda linked to gether to form sheets. The tetrahedral sheets are combined
with octahedral sheet s containing Al™, and som etimes other cations, surro unded by 6
oxygens or hydroxyls neighbors (Fig. 1.14a). Clays are microporous materials, in which
water and or ganic molecules can enter into the interlayer region leading to the swelling
phenomena and resulting in an enlarg ed in terlayer space (Fig. 1.14b). Expanded clay
minerals facilitate easier infiltration of compounds into the clay interlayer space. The final
structure is exfoliated clays. Kaoline clays are applied in the paper, ceramic, paint, plastic,
rubber and cracking catalyst industries. Other clays such as sepiolite are used as adsorbents

in pet litter, agricultural chemicals, water and oil sorption, pharmaceuticals, etc [59].

23



Chapter | POROUS MATERIALS

.I\“x 5

LS

Ouygen B ""‘-',"“"“‘""' theet ir________.. L
L Silicon 3l iheet .
- & COuygen, hydrowyls
a} E— Al uFTaniinm

Dirgasnie ﬁ = Exfoliation \ 'I le i lI:I.- .

DT Lk . e i

g miobecubes - 1 1.1 ¢ —_— g r').-.\,;_-" ',

:I: = ﬁ_; L 3= nm : _.--"d_._":‘l i
b) - d -

< 1 nim

Figure 1.14 Schematic representation of: a) tetrahedral and octahedral sheets conforming the clay
structure, and b) swelling and exfoliation of the clay structure.

1.4.4 Meso-macroporous minerals

Porous in organic materials hav ing meso- and ma cropores are foundin th e nature
mainly in the form of minerals. In their chemical composition, SiO; is combined with other
oxides such as Al,Os, FeO, Na,0, etc. Examples of such porous minerals are vermiculite,
diatomaceous earth, bentonite, kao linite and perli te [60]. There is a wid e rang e of
applications for these materials. For instance, bentonite is widely applied as a binder for
iron and stee | foundries, in th e purification of wine and as an adsorbent of oils [61].
Diatomaceous earth is extensively app lied as a filter aid, adsorbent, in sulating material,
catalyst support or carrier and natural insectide [62]. Expanded perlite is a very lightweight
material applied in the construction industry, as a rooting medium and soil conditioner in
horticulture, as an adsorbent in th e chemical in dustry and as a filler in miscellaneous

processes [63].

24



Chapter | POROUS MATERIALS

1..5 ORGANIC-INORGANIC POROUS MATERIALS

The combination of inorganic and organic properties in a single material is attractive for
the development of materials with new fu nctionalities. These fu nctionalities can be
introduced in a single step during the synthesis of the porous material (direct synthesys) or

by post-functionalization of the already synthesized porous material.
1.5.1 Direct synthesis

Representative porous materials prepared through the direct synthesis method are metal

organic frameworks and periodic mesoporous organosilicas.
1.5.1.2 Metal Organic Frameworks

Metal organic fra meworks (MOFs) are highly crystallin e compounds con sisting of
metal ions or clusters coordinated with rigid organic molecules to form one-, two- or three-

dimensional structures [64]. Fig. 1.15 illustrates examples of 2D and 3D MOFs.
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Figure 1.15 Representation of MOF structures: (a) 2-D layered, and (b) 3-D.

The choice of metal and linker dictates the structure and, hence, the properties of the
MOF. MOFs di splay an extraordinary compositional and structu ral variety with well -
defined pores and channels. The pore size within the framework of a MOF is typically less
than 2 nm. High internal surface areais on e of the foremost attributes of MOFs. The

highest experimental surface area for a MOF reported to date is 7000 m* g™ and it has been
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demonstrated computationally that the theoretical upper limit for MOF surface areas is ca.
14600 m* g [65]. MOFs are prepared by reacting metal ions with an organic ligand, using
standard coordination chemistry methods, through hydrothermal or solvothermal
techniques. Maximization of surface area is a key to the optimization of MOFs for many
applications. Careful post-processing with supercritical carbon dioxide leads to substantial,
or in some cases spectacular (up to 1200 %), increases in gas-accesibble surface area, due
principally to solvent elimination [66]. Potential applications of MOFs are the storage of
fuels and gases such as hydrogen, methane, carbon dioxide and oxygen, and in

heterogeneous catalysis [67].

1.5.1.3 Organically modified silica

Trialkoxyorganosilanes of the type (RO);SiR’, containing the R' functional group, can
be incorporated during the sol-gel process of silica formation, consequently being the
functionality R' projected into the pores. Through this co-condensation method, it is
possible to obtain organically modified silica gels (ormosils) [68] and functionalized
aerogels [69]. On a similar way, periodic mesoporous organosilicas can be obtained if
tryalkoxysilanes are introduced during the condensation step around the micelle template
[70]. The wide range of molecules that can be introduced allows the control of the charge,

functionality, reactivity and stability of the porous material.
1.5.2 Post-synthesis functionalization: silanization

A simple and cost-effective way of regularly organize chemical entities on surfaces is
represented by self-assembly [71]. One of the most successful self-assembly approach is
the chemical grafting of organosilanes on hydrated surfaces (silanization). Silanol groups
from the internal surface of porous silica are the reactive sites where the molecules are

anchored via covalent or hydrogen bonding.

Organosilanes are chemical compounds with the general formula(OR),SiR’4,,where R’

represents the functional group and OR is the hydrolysable group, usually an alkoxy group,
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either methoxy or ethoxy. According to the number of hydrolysable groups, organosilanes
can be mono-, di, or trisilanes for n=1, 2 or 3, respectively [72]. Fig. 1.16 illustrates some

of the common functional and hydrolysable groups available for organosilanes.
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Figure 1.16 Common hydrolysable and functional R groups in organosilanes.

In the silanizatio n process, th ¢ actual bo ttom-up ma ss-production m ethods in volve
techniques such as gase ous deposition for high vapor pr essure silanes, and liquid
chemisorption, where the self -assembled monolayer is spontaneously formed by t he
immersion of the substrate into a water-diluted alcoholic silane solu tion [73, 74]. In the
liquid aproach, the silanization mechanism can be divided into two steps (Fig. 1.17):

Step 1. Hydrolysis of the alkoxy group: the initiation of the silanization occurs by the
hydrolysis of one or more alkoxy group(s) promoted by water molecules (Fig. 1.17a),
either added to the reaction medium or present as a moisture adsorbed on the pores of the
inorganic substrate. Alkyl groups are released in the form of an alcohol (R-OH).

Step 2. Condensation: the hydrolyzed organosilane is now susce ptible to react with

other silane molecules and with the silanol groups from the silica surface, establishing
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siloxane linkages (Si-O-Si). Both siloxane bonds and hydrogen bonding with the silanol

groups on the silica surface are possible reactions (Fig 1.17b).
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Figure 1 .17 Mechanism of silanization: (a ) hydrolysis of the al koxy groups in the
organosilane, and (b) condensation between org anosilane molecules and with the surface
silanols forming a self-assembled structure.

The chemical grafting of organosilane allows to attain high functionalization degrees
and well -ordered monolayers without altering the porous structure of the original silica
[75]. Disadvantages of the liquid chemisorption route are related to the need of applying a
large volume of water and organic solvents. Moreover, applying this route the re may be
undesired side reactions, such a s excessive cross-linking of hydrolyzed organosilane
molecules in solution (Fig. 1.18a), multilayer deposition on the silica surface, non-uniform

surface coverage due to vertical polymerization (Fig. 1.18b) and pore-blocking [76-80].
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Figure 1 .18 Side reactions of the sila nization proc ess using conve ntional liquid
solvents.
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In order to avoid such problems, liquid solvents can be substituted by supercritical
carbon dioxide as the solvent media. Supercritical carbon dioxide has been demonstrated

as an efficient technology for the silanization of silica substrates [79, 81-87].

1.6 POROUS MATERIALS USED IN THIS WORK

Ten different silicium-based materials are scrutinized in this work. All of them satisfy
the key attributes required for inorganic supports to be used as solid sorbents: inertness,
robustness over a wide range of pressure and temperature and easiness of functionalization.
Some important characteristics of the processed matrices are shown in Table 1.1, whereas
Table 1.2 summarizes the textural properties. Studied materials belong to very diverse

groups of porous solids:

i. Mesoporous silica gels: silica blue, clean cat and silica gel 40.
ii. Ordered mesoporous silica: MCM-41.
iii. Microporous aluminosilicates: zeolite Y.

iv. Microporous aerogel-like particles: silica and a composite magnetite/silica.

Table 1.1 Matrices classification and some important characteristics.

Type Substrate Sample Supplier SiO, Particle size
[Wt%] [nm]

Mesoporous CleanCat CC Iberamigo SA >99.8 20-10° -50-10°
Silica Gel 40 SGy Fluka >99.8 2-10° -5-10°
MCM-41 MCM41  ACS Materials >99.5 200-500
Meso-  and SilicaBlue  SB Fluka >99.8 10-10° -30-10°
microporous
Microporous Zeolite Y zY Strem 49 2:10*-5-10*
Chemicals
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Table 1.2 Main textural properties ofth e used substrates o btained from low
temperature N, adsorption.

Sample S.[m’g']  V,[em’g’] D, [nm]
cC 440 0.96 8.8
SGyo 591 0.58 4.1
MCM41 1127 0.92 3.8

SB 611 0.10 2

zY 739 0.38 1.3%*

* value from MIP [88]
** Geometrical data [52]

1.6.1 Mesoporous and meso/microporus silica gels

Hydrophilic mesoporous silica gels are extremely important commercial materials (Fig.
1.20). The choice of such amorphous silica materials as important adsorbents in this thesis
relies on their low cost and adsorbent properties that are suitable for a large amount of bulk
applications. Amorphous silica gels CC and SGy have a disordered pore structure and
surface areas in the order of 400—500 m” g"'. Mean pore diameters are of 9 and 4 nm for
CC and SGy, respectively. SB, with cobalt chloride as a humidity indicator, has a mixture
of meso- and microporosity with a mean pore diameter of 2 nm and a surface area in the
order of 600 m* g”'. This material was partially dehydrated before use by heating it in an air
oven at 120 °C during 20 h. Polar silica gel substrates have a highly reactive surface with a

hydroxyl surface density of 4-6 OH nm™.

Figure 1.20 Pictures ofthe silica gel s used: (a) Clean Cat, (b) Silica Gel 40 and (c)
dehydrated silica blue.
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1.6.2 Mesoporous MCM-41

MCM-41 is chosen here as the representant of the ordered mesoporous silica family,
with a po re di ameter of 4 nm (Fig. 1.21). MCM -41 has a perio dic arrangement with
uniform hexagonal channels running parallel in one-dimensional non-intersecting arrays
[89, 90]. This material has an extremely high mesopore volume in the order of 0.9 cm’ g
and a surface area of ca. 1100 m” g”'. The mesoporous MCM -41 was boiled in distilled
water at 100 °C for 1 h [91] previous use to increase the surface silanol density from 1 to 3

OH nm™.

Figure 1.21 Representation of the hexagonal structure of the MCM-41.
1.6.3 Microporous zeolite

Zeolite Y, from the Fauj asite class, is chosen as the microporous sub strate. It is an
aluminosilicate with the chemical formula [(Ca®",Mg®"Na",),0(H,0)40] [AlssSii3403s4] and
a tridirectional ordered network of pores. This zeolite consists in almost spherical cavities
of 1.3 nm in diameter accessible through tetrahedral windows of 0.74 nm (Fig. 1.23) [58].
This zeolite nust be activated before it can be used as an adsorbent. The activation was
carried out by calcination in a tubular oven (Carbolite 3216) at 520 °C during 48 h under a
flow of nitrogen with oxygen traces. The zeolite surface area after calcination has a value
of 740 m* g”! being the pore volume of 0.38 cm’ g'. In a perfect zeolite crystal, the internal
pore surface is electrically neutral, and no silanols would be present. Silanol groups in
crystalline zeolite Y are mostly pr esentin th e external surface ast erminal groups.
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Experimentally, some internal silanols have been noticed and are taken as an indication of

lattice defects.

Figure 1.23 Representation of the m olecular st ructure of the zeolite Y. The
supercage in zeolite has a 1.3 nm dia meter accessible throu gh te trahedral
windows of 0.74 nm.

1.7 CONCLUSIONS

We have presented here an overview of the most common adsorbent materials, with key
characteristics, such as sy nthesis, chemical composition and porous size. Among them,
porous silica based materials were chosen in this work to modify their surface by chemical
grafting with organic functionalities. These materials were chosen for several reasons: i)
their pore size varied from the micro- to the mesoporous range allows the easy insertion of
organic molecules, ii) the pr esence of silano 1 groups in most of th e porous substrates
allows the chemical grafting of organosilanes, iii) some of the porous substrates, such as
silica gel s, are low cost materials and, therefore, suitable for a large a mount of bulk
applications, iv) finally, the compositional and textural differences on the porous materials
chosen allow to study and compare their influence on the final properties of the organic
modified products. Results concerning their s ynthesis pr ocess, charact erization and

adsorption properties are presented and discussed in chapters III and IV.
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CHAPTER 11

SUPERCRITICAL CO,: PROPERTIES, APPLICATIONS AND HIGH
PRESSURE TECHNOLOGY

This chapter begins with a description of the critical properties of supercritical fluids,
giving a special attention to CO,, as it is fluid used for the experiments performed in this
thesis. Moreover, a fundamental study of the properties of supercritical CO, confined in
porous media is described through the use of a mean field equation of state..The main
applications of supercritical fluids are also presented here followed by a description of the
high pressure technology necessary to attain supercritical conditions. The high pressure
equipments are constituted by several components such the pump, the vessel, tubing and
valves, etc., and they are configured for the specific reaction needs. A detailed description

of the high pressure equipments used in this work is offered at the end of the chapter.
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2.1 INTRODUCTION: PROPERTIES OF SUPERCRITICAL FLUIDS

A fluid is in supercritical conditions when both pressure and temperature are above the
critical pressure and te mperature (th e critical po int), in which the liquid an d gaseou s
phases beco me indistinguishable. Inth e supercritical regio n, an isothermal pressure
increase above the critical pr essure or an isobaric temperature increase above the critical
temperature maintains the fluid at sup ercritical conditions, without phase transition. Fig.
2.1a shows a schematic representation of a pressure-temperature phase diagram of a fluid.
The phase diagram shows the regions corresponding to the three states of matter and the
triple point, at which the three phases coexist in equilibrium. The diagram also highlights
the critical point of the fluid, including the critical values of pressure and temperature for
CO;. CO; has a critical temperature (T,) of 31 °C and a critical pressure (P.) of 7.4 MPa,
being in the supercritical state (scCO,) above these values.

al b)
25

salid 20
Liaquited

Supercritical =

15

Pressure
p [maol-L

.Eririulmrhl

10+

T=3l
- 5
Trigde podnt Gai

Temperature 0 2 4 & & 10 12 14 18
P [MPa]
Figure 2.1 Representation of p hase dia grams: a) pressure-temperature for a fluid, and b)
density-pressure for CO,. Data has bee n obtained from NIS T the rmophysical properties
website [1].

Table 2.1 provides the critical point values for several supercritical fluids. Inthe
supercritical region, the physicochemical properties can be tuned with small pressure and
temperature variations. ScCO, is considered a green solvent, as it is non-flammable, is
naturally abundant, and has much lower global warming potential (GWP) than any other

solvent (apart from water) [2]. Moreover, CO, is considered non toxic [3].
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Table 2.1 Critical point of some fluids [4].

Fluid T, (°C) P. (MPa)
He -269 0.2

CO, 31 7.4

C,Hs 32 4.9

N,O 37 7.3

C;Hg 97 4.2

NH; 132 11

H,O 374 22

2.1.1 Single phase and tunable density

The possibility to have a single phase and tunable density are among the most relevant
thermodynamical properties of supercritical fluids (SCFs). The density(X)-pressure(Y)
diagram for CO, is represented in Fig. 2.1b [1]. The solid red line represents the
coexistence curve line, at which liquid and gas phases are always present. This curve is
obtained from all the isotherms below the critical point of CO, Above the critical point,
the distinction between liquid and vapor phases disappear and a single density phase
(dotted curves) is obtained at supercritical conditions. In this region, small changes in
pressure or temperature induce great changes in the density of the fluid. For instance,
within the temperature range of 31 °C to 127 °C, and pressures between 7.4 MPa and 20
MPa, the CO, density can be tuned in the range of 2.6 to 20 mol L™

A supercritical fluid has both gas- and liquid-like properties (Table 2.2). It behaves as a
gas as it is a compressible fluid that fills its container, exhibits low viscosity and shows
high diffusivity. It is liquid-like because it has comparable densities and solvating power

than some organic low-polarity liquids [5].
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Table 2.2 Comparison of some physical characteristic properties of gases, liquids and supercritical
fluids.

Density [g mL™"] Diffusivity [em? '] Viscosity [g cm-'s"]

Gas 10 10 10*
Liquid 1 10°¢ 107
SCF 107! 107 10

2.1.2 Negligible surface tension and low viscosity

The surface tension of supercritical fluids is considered almost null (it vanishes at the
critical point, and it is very low in the near critical region) and, therefore, it is much lower
than that of conventional organic solvents or water exhibiting values in the range of 20-70
mN m™ at 20 °C. Besides, supercritical fluids exhibit viscosities of ca. 100 times lower

than those of liquids (Table 2.2).

When working with pore systems at the nanoscale, the use of liquid solvents entails
some disadvantages. For instance, when drying gels the surface tension of the solvent
induces capillary forces leading to the collapse of the structure. However, if the gel is dried
at supercritical conditions, the structure is prevented from collapse thanks to the null
surface tension of SCFs. Another example is found on the modification of porous solid
surfaces with organic functional molecules, where the diffusion of solutes along the pores
is somehow limited by the viscosity of liquid solvents. The use of SCFs enhance the
diffusivity of the organic molecules along the pores leading to complete and homogeneous

surface coating [6].
2.1.3 Low critical temperature and pressure

An important characteristic that makes scCO, desirable among other supercritical fluids
is related to its low critical temperature and accessible pressure (Table 2.1). The critical
pressures of the fluids shown in Table 2.1 are easily achievable with the available

technology. However, some of these fluids, such as water (H,0), require heating at high
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temperatures, which can have economical limitations, in terms of energy, in addition to the
limitations of the equipments to be used. Other drawbacks are related to the toxicity of the
fluid as it occurs for ammonia (NHj;), or to the flammability as occurs for propane (CsHg).
H,O0 is, after CO,, the second most used fluid for supercritical oxidation, hydrolysis and
gasification processes [7]. The use of water in supercritical conditions involves highly

oxidizing medium which entails corrosion of the high pressure components.

Pressure is divided into four ranges: low, up to 103.5 MPa; medium, up to 138.0 MPa;
high, up to 413.5 MPa, and ultra high, up to 1034 MPa [8]. According to this, CO,
exhibits a low critical pressure, besides a close to room temperature critical temperature.
The low critical temperature of CO, represents a clear advantage when working with

thermally labile materials, as for instance pharmaceutical or natural compounds.

2.1.4 Green solvent

Solvents define a major part of the environmental performance of processes in chemical
industry, and also its use impacts on cost, safety and health issues. The idea of “green”
solvents expresses the goal to minimize the environmental impact resulting from the use of
solvents in chemical production [9]. Volatile organic liquid solvents applied for the
synthesis of materials are generally used in large amounts during the synthesis and
washing steps. Most of them have a high toxicity, are flammable and the residues may be
environmentally difficult to eliminate. ScCO, represents an environmental friendly
alternative to replace organic solvents. It is considered a green solvent because it has a
very low toxicity, it is nonflammable, it has a lower GWP compared to the organic
solvents it is replacing, and it is relatively inert. Moreover, in contrast to the materials
processed using liquid solvents, which usually requires a washing step to remove solvent
traces and unreacted species, the final products obtained by scCO, processing do not

require to be dried, because at the end of the process CO, is released as a gas.

43



Chapter I1 SUPERCRITICAL CO,: PROPERTIES, APPLICATIONS AND
HIGH PRESSURE TECHNOLOGY

2.1.5 Solvent properties of scCO,

Carbon dioxide exhibits some solvent properties due to the presence of a quadrupole
moment in the molecule. The solvent capacity of scCO, is comparable to that of n-hexane.
Hence, nonpolar or low molecular weight molecules easily dissolve in scCO,, whereas
polar or high molecular weight molecules have very low solubilities [10]. The only
polymers shown to have a significant solubility in scCO, under mild conditions of pressure
and temperature are certain amorphous fluoropolymers and silicones [11]. Some light
organic compounds, such as methanol, acetone and ethanol, are used as cosolvents (also

called modifiers) to enhance the solvating power of carbon dioxide.

2.1.6 Production of CO,

Besides being a green solvent, another advantage that promotes the use of carbon
dioxide is its natural occurrence and abundance. It can be found in natural reservoirs with a
high purity or obtained after purification from fossil fuels burning, in pre-combustion by
reacting carbon matter with O, and in post-combustion by separation of the CO, from flue
gas. It can also be obtained as a byproduct from some industrial processes, like in the

production of NHj3, hydrogen (H,) and ethanol (CH;CH,OH) [12].

22 STUDY OF THE DENSITY ENHANCEMENT ON CONFINED
SUPERCRITICAL CO, USING AN EQUATION OF STATE

When a fluid is confined in a porous matrix (Fig. 2.2) its properties relative to its bulk
state are shifted and this may be important in engineering applications. The magnitude of
this change depends on the pore size, geometry and the nature of the fluid-surface

interaction.
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Figure 2.2 Illustration of CO, gas molecules confined into a silica
gel structure.

The effect of confinement on th e criticality of fluids in controlled-pore materials with
narrow size distribution has been studied, indicating a shift of the gas-liquid critical point
of the fluid in the porous material to lower temperature. However, the situation is different
in a morphous mesoporous materials such as silica aerog el. Due to the wide pore-size
distribution and ill-defined po re geometry, it has not been possibleto establish a
quantitative description of the critical point shift [13, 14]. Given this situation, there has
been substantial effort over the years devoted to developing equations of state suitable for
thermodynamic property pr edictions i n fluids co nfined in porous media, nevertheless,
tractable, physically based models have remained elusive [15]. In this thesis, a mean field
and analytical equation of state (Eq. 2.1) was used to predict the density of pore-confined
CO;. An equation of state is a formula describing the interconnection between various
macroscopically measurable properties of a system. This equation only requires the pure
fluid critical properties to predict properties of bulk pure fluids and it can be extended for
calculating th ermodynamic properties of po re-confined fluids by considering the fluid -
fluid and the fluid-matrix parameters as well of a series of transformation factors between
the model and the real fluid of interest. The theoretical underpinnings of the equation of

state can be found elsewhere [16].

Qp-1)= (1—zp)tanh[ﬁ'(zzm‘%)}+zptanh[ﬂ(2p(z—l)+%F' +‘%)}
2.1
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where p is the porosity, p is the density, p is the chemical potential, [] and r are the fluid-
fluid and the fluid-solid coupling parameters, respectively, B is a temperature dep endent

constant and the superscript " ' " denotes a dimensionless property.

In Fig. 2.3 theoretical results are shown for carbon dioxide at the critical temperature in
a confined system and vary ing the porosity from 80to 90 % . Large enhancements in
density are seen especially in the critical region. Moreover, there are large decreases in the

predicted critical pressure values for the confined system.
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Figure 2.3 Adsorption isotherms at the critical temperature of confined CO, at three
different porsities compared to bulk density.

The model was fitted to recently published data [17] for carbon dioxide adsorbed in a silica
aerogel. The results are presented in Fig. 2.4 for various values of porosity at a temperature of 35
°C with the model providing a particularly good fit in the transition region using a porosity of 95 %
(authors report a porosity of over 90 %). Furthermore, model predictions of density enhancements
at other conditions for which experimental data are unavailable are also shown. These show large
pressure shifts and density enhancements, demonstrating the value of having a theoretical equation

of state model available for such purposes.
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Figure 2 .4 Adsorption isotherms of conf ined CO , adjustedto an experimental
temperature of 35° C at three different porosities comparedt o the expe rimental
adsorption of CO, on silica aerogel [17].

2.3 APPLICATIONS OF SUPERCRITICAL CO,

Carbon dioxide (CO ;) is a valuable c ompound applied in the gas statein several
industrial processes as a reactant, f.i., in the production of urea to manufacture fertilizers or
in the mineral carbonation for the preparation of precipitated calcium carbonate (CaCOj3).
Itis also used in refrigeration, food packaging, beverages, wastewater treatment for pH
control, oil recovery and as a fire extinguisher [18]. ScCO; is used in a range of industrial
processes, such as in the extraction of organic components (f.i., coffee decaffeination), in
the fractionation of liquid m ixtures, in po lymer processing, for paintand coating, in
particle formation for pharmaceutical and cosmetic industries and in textile dying [6, 18-
20]. ScCO; is also an ideal candidate for the synthesis and processing of porous materials
[21], being the most convenient or an alternative route to the use of liquid solvents. For
instance, gels drying to obtain aerogels are only possible using supercritical con ditions.
Another example isth e surface modification of nanoporous materials with or ganic

molecules, where the use of organic solvents have limitations related to the diffusion of the
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solute molecules due to viscosity and high surface tension [21]. Processes using scCO,
can be performed at the laboratory scale, such as its use as mobile phase in
chromatography for separation purposes [22, 23], assistance in particle design and size
control or in the modification of porous supports using impregnating agents [24]. Industrial
applications of scCO, include the extraction of valuable compounds (e.g. caffeine, spices,
etc. [25], pharmaceutical and nutraceutical active agents [26]), its use as a reagent in the
preparation of rigid thermoplastics or as a solute in polymer foaming [27]. Supercritical
carbon dioxide has been used for the last thirty years for enhance oil recovery in oil fields

[28-30].

2.3.1 Extraction of organic compounds

Supercritical fluid extraction of organic compounds is the most widely studied
application of scCO; [11]. A scheme of a general extraction equipment is depicted in Fig.
2.5. The extractor vessel is charged with the raw material to be extracted. ScCO, flows
through the vessel and the extracted compound is separated from the CO, at the separator
vessel. The CO, released is introduced again into the process. Among the industrial
companies performing supercritical fluid extractions, stand out FLAVEX (Germany) [31],
devoted to the extraction of balm leaf, cinnamon, coriander, ginger and rosemary and
Phasex (USA) [32], dedicated to the extraction of carotenoids. Others such as MedWest
(USA) [33] use scCO, to extract cannabis oil and to decaffeinate coffee. Germany is the
country with the highest capacity to extract caffeine (160.000 tonnes) from coffee beans
using supercritical CO,. An example is the HAG Company (Germany), extracting caffeine
since 1979 [34]. The Spanish company DIAM Corchos S.A., Corchos de Mérida (with
French technology), is the largest company using scCO, to eliminate trichloroanisole from

cork [35].
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Figure 2.5 Representation of a high pressure extraction equipment.

2.3.2 Mobile phase in chromatography

Nowadays, the use of scCO; in chromatography is applied for separation of complex
chemical mixtures into individual components rather than as an analytical tool. Separation
in supercritical fluid chromatography is based on the solvating power of the scCO ,. In
contrast to liquid chromatography, the separation is faster, because of greater diffusion of
solutes insup ercritical fluids than in liquids (Tabl e2 .2).  Supercritical flu id
chromatography finds use in the pharmaceutical industry, f.i., in the separation of chiral

molecules, and for purification processes [14].
2.3.3 Supercritical carbon dioxide applied to polymers

Supercritical carbon dioxide is used as an alternative to traditional solvents for polymer
synthesis, such as the production of high molecular weight fluoropolymers, polycarbonates
and polyethers [36], and also for purification, impregnation and dyeing processes. Most of
polymer pr ocessing is based on the plasticization effect that occu rs when CO , is
substantially dissolved in the polymer [36, 37]. This leads to a decrease in the polymer

glass transition temperature (T,). For example, the T, of polystyrene is redu ced by 50 °C
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under a CO, pressure of 2.5 MPa. CO, is also used as a foaming agent for the preparation
of biocompatible and biodegradable polymer foams for biomedical applications [38].
Dyecoo Textile Systems B.V. (The Netherlands) performs a waterfree textile dyeing of
synthetic polymers using CO,[39] .

2.3.4 Supercritical CO; in the preparation of micro- and nanoparticles

Supercritical CO, is largely applied in the preparation and design of micro and
nanoparticles, fibers and thin films with successful results. The CO, technology takes
advantage of the scCO, properties converting this fluid in an ideal non damaging solvent
for nanostructures. There are a vast number of technical processes used to produce

particles, where scCO, is applied either as a solvent, as an antisolvent or as solute [40].

Some of the most common techniques are:

i) Rapid Expansion of Supercritical Solutions (RESS): scCO; is used as a solvent. The
solute is dissolved in a compressed fluid and rapidly depressurized through a nozzle,
resulting in the precipitation of small size and monodisperse particles (Fig.2.6a). The
RESS process is used to dissolve an active substance and the coating material in the
supercritical fluid, and then co-precipitate both substances. The main limitation of RESS

techniques is the low solubility of many substances in scCOs,.

ii)  Gas/Supercritical Anti-Solvent (GAS/SAS) and Precipitation with a Compressed
Antisolvent (PCA): all of these processes rely on reducing the density and solvating power
of an organic solvent, in which the solute is dissolved, by mixing it with compressed CO,

used as an antisolvent (Fig. 2.6b and c).

iii) Particles from Gas Saturated Solutions (PGSS): scCO, is used as a solute dissolved in
amorphous or semicrystalline high molecular weight materials (e.g., polymers and solid
lipids) (Figure 2.7d). The pressurized gas diffuses into the product, lowering both the

product melting point and the mixture viscosity. This process produces particles by
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spraying the mixture via a nozzle. The process has been demonstrated on a large scale, but

it is only applicable to produce micrometric particles.

Figure 2.6 ScCO, spray precipitation techniques: a) RESS, b) GAS/SAS, ¢) PCA, and d)
PGSS.

2.3.5 Processing and modifying porous materials in supercritical CO,

The use of scCO, entails a series of benefits in the synthesis and processing of porous
materials in front of the use of conventional organic solvents [21]. ScCO, allows rapid
mass transfer of solute molecules and improve the wetting of surfaces with intricate
geometries. ScCO, is used for the impregnation of nanoporous systems (e.g., particles,
polymers) with active compounds for drug-delivery purposes [41-43] and for the
fabrication of functional materials through surface modification with organic compounds

[44-47).
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24 HIGH PRESSURE EQUIPMENTS: HIGH PRESSURE EQUIPMENT
MATERIALS AND ELEMENTS

The use of supercritical fluids necessarily requires high pressure equipment able to
stand the operating conditions. The design and selection of the equipment must be done
considering the thermophysical properties, i.e., T, and P, of the fluid. It is also necessary
to pay special attention to other aspects, such as the chemical nature of the supercritical
fluid and the type of processing to be performed (e.g., extraction, chemical reaction,

precipitation, etc) in either batch or continuous mode.

ScCO; is the most used supercritical fluid and, therefore, most of the high pressure
equipment available are designed for its use. There are a number of international
companies providing engineering components and systems for gas and fluid applications.
For instance, Parker (USA) [48] and HiP (USA) [49] offer a diversity of engineering
products such as valves, tubes and fittings, reactors and pressure vessels, pumps and gas
boosters, etc. Autoclave Engineers (USA) [8] offers a bench of laboratory high pressure
vessels and stirred reactors besides other high pressure elements. There are a number of
companies in china, such as Tawian Supercritical Technology [50] providing supercritical
fluid components. Separex (France) [S51] proposes process and product development
services using supercritical technology. It also designs and builds high pressure systems
and components for lab and for production scale. A similar company, GITSU Greentech,

has been recently created in Spain.

Thar Process (USA) [52] is a company providing supercritical fluid technology and
equipment design focused on extraction and separation processes at laboratory and plant
scale. Swagelok (USA) [53] is well known for the fabrication of connectors for high and
low pressure stainless steel tubing. Chematur technologies (USA) [54] provides
engineering services for process plants. Natex (Austria) [55] is a company that tests
processes at lab unit and then scale-up is carried out to determine yields and process

parameters for industrial operation.
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The equipment building materials and elements for SCFs applications are described

next.
2.4.1 Materials

A high pressure equipment is constituted by several elements: the reactor vessel, the
high pressure pump, tubing, valves and fittings, cooler, controllers, pressure and
temperature measurement devices and pressure safety elements. Stainless steel AISI-316 is
the common material applied in the manufacturing of those components subjected to
scCO; conditions. This steel alloy contains carbon, chromium, nickel and molybdenum on
its composition. Other stainless steel alloys are employed depending on the corrosive
environment generated by the supercritical fluid. For instance, supercritical water
generates an extremely oxidation environment that degrades rapidly stainless steel vessel
walls, junctions and pipes. For supercritical water purposes, there are special materials

based on iron doped with Cr, ceramics, titanium- and nickel-base alloys [56].
2.4.2 Vessels and sealing systems

The reactor vessel is where the supercritical fluid is brought into contact with the
material to be processed. This element is selected according to its size, closure style,
stirring and heating systems. The closure type of a vessel mostly defines its pressure and
temperature limits. Therefore, the closure type is chosen depending on the working
conditions, the seal compatibility and the frequency and ease of opening/closing. For
instance, Autoclave Engineers [57] offers quick opening and closing systems such as
Zipperclave® with a quick o-ring seal (Fig. 2.7a). Polymeric materials for o-rings are
Viton®, silicone, ethylene propylene rubber, Kalrez®, etc., having different pressure and
temperature limits and different resistances to organic solvents. Other closure systems
from Autoclave Engineers are the EZE-Seal® (Fig. 2.7b), designed for high temperatures
and moderate pressures, and the Bolted Closure system (Fig. 2.7¢) designed to work at up
to 37.9 MPa, and high temperatures. Another common sealing system is the energized

spring seal (Fig. 2.7d) patented by Thar Process [58]. These seals are based on a polymeric
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material with an internal energizing spring. When the pressure increases, the spring creates

a highly efficient seal against the mating surface.

Figure 2.7 Different seals and closure systems: a) o-ring, b) EZE-S, c) bolted-closure, and d)
energized spring.

2.4.3 Stirring mechanism and impeller types

The stirring mechanism has a direct influence on the fluid motion and mixing degree.
The agitation flow pattern in a vessel can be easily attained by means of a horizontal stir
bar and a magnetic stirrer (Fig. 2.8). Some reactors incorporate a more robust system based
on a vertical impeller shaft. The impeller can be driven through a standard belt drive
moved by an electric motor or by a magnetic mechanism. MagneDrive® technology is an

example of vertical stirrers that applies magnets to rotate the agitator shaft [59].

Figure2 .8 Agitations ystems: (a) horizontal m agnetic bar stirrer, (b)
mechanically rotated impell er s haft and (¢ ) the high pressure magnetic stirr er
Magnedrive®.
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2.4.4 Pressure pumps

When working with supercritical fluids, it becomes necessary to pressurize the gas. The
best option is the use of pressure pumps, which allows pressurizing up to the chosen
pressure with high accuracy. The fluid, supplied from a deep-tube CO, gas bottle at ca. 60
bar, is first cooled with the aid of a chiller or cryostat to maintain its liquid state and to
avoid cavitation. Pumping systems applied for scCO, technology include reciprocating,

syringe and membrane pumps:

i) Reciprocating piston pumps (Fig. 2.9a): the term reciprocating describes the
continuously repeated backwards and forwards motion of the piston. Reciprocating piston
pumps used in supercritical processes are mostly of the dual head type. In this way, the
flow becomes continuous and almost pulseless. Thar Technologies manufactures and

commercialize this type of pumps for scCO, [52].

it) Syringe pump (Fig. 2.9b): a motor drives the syringe piston to control the outlet
pressure of the pump. Teledyne Isco (USA) fabricates efficient high pressure syringe
pumps [60].

iii) Membrane or diaphragm pump (Fig. 2.9¢): these are accurate flow pumps based on a
reciprocating movement, where the piston is replaced by a diaphragm or membrane. The
use of these pumps for supercritical fluids have some advantages as they do not have
mechanical seals which are the main breaking cause. Membranes are highly resistant to
corrosion, as they are made of neoprene, viton, teflon or polyurethane. Lewa (Germany)

[61] manufactures several types of high pressure pumps including diaphragm pumps.
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Figure 2.9 Representation of the different types of pumps: a) reciprocating, b) syringe, and b) membrane
pump.

2.4.5 High pressure tubing and valves

High pr essure tubingis wusedto transportth e gas toth e different high pr essure
equipment components. Typical tubing sizes are 1/16", 1/8", 1/4", 3/8", 9/16" and 1-1/2".
Tubes with similar or different diameters can be connected through different devices. For
instance A -LOK"™ tube fittings are connections that use d ifferent ferrules for th e
assemblies. Quick fit couplings are pneumatic coupling devices used to connect and /or
disconnect tubes quickly and eas ily w ithout the use oftools. Gas flow between th e
components is con trolled through valves. Common valves applied in hi gh pr essure
equipments are needle, ball, non-return and pressure release valves. While needle valves
(Fig. 2.10a) are used when a precise control in the flow rate is needed, ball valv es (Fig.
2.10b) only have two fix positions and are used to allow or stop the gas flow. Non-return
or check valves (Fig. 2.10c¢) are applied to allow the gas flow in a single direction. Pressure
release valv es (Fig. 2.10d) are devices th at allow the fluid to flo w fro m an aux iliary
passage out of the system to avoid overpressures. They are designed or set to open at a

predetermined pressure.
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b

Figure 2.10 Common valves used in supercritical fluid equipment: a) needle, b) ball,
¢) non-return and d) pressure release valves.

2.4.6 Pressure and flow measurement devices

The fluid movement can be measured in a variety of ways. For instance, positive flow
meters accumulate a fixed volume of fluid and then count the number of times the volume
is filled to measure the flow. Other methods rely on t he forces produced by the flowing
stream as it overcomes a kn own co nstriction. The pr essure can be measured by m any
instruments, being the manometer the most common one. The manometer uses a column of
liquid to measure the pressure. More modern instruments are electronic pressure sensors
based on the piezoelectric effect. The pressure transducer is the device used to convert the
pressure into an analog electrical signal. Coriolis are flow meters built from parallel curved
tubes where the fluid circulates through. When there is a mass flow it induces a vibration
in the tubes that is translated into a mass flow measurement. Other coriolis de vices use

rotating tubes that twist slightly when the fluid is flowing through the tubes.

2.4.7 Heating systems

In general, supercritical processes require heating. A simple heating system can be a hot
plate, although there are more sophisticated systems, such as internal heating resistances or
band heaters, which allow a more homogenous and precise heat distribution. Usually, the
vessel incorporates a thermocouple probe coupled with a proportional-integral-derivative
controller (PID) to accurately control the temperature.
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2.4.8 Pressure release systems

Safety precautions must be taken when working with high pressure systems. Release
devices such as rupture disks or safety release valves are lo cated in those spaces of the

high pressure equipment where the gas is confined and pressurized [62].

2.5 HIGH PRESSURE SYSTEMS USED IN THIS WORK

The experiments using compressed CO, were carried out in three different reactors. A
similar configuration was used for the three vessels, with the main differences being the
type of pump and the pressure controller used. Fig. 2.11 shows the process flow diagram of

the high pressure equipment.

d)

Figure 2.11 Process flow diagram of the high pressure equipment used.

All the elements on the equipment w ere connected th rough 316 stainless steel 1/4"

pipes. T1 represents the CO , bottle supply. A cooling bath (EX1, Laud a Ecoline
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Staredition RE106) containing poly(ethylene glycol) was used for cooling the CO,. A pipe-
jacket (a) was used to isolate the cooling area to provide an efficient chilling before CO,
was pressurized. A rupture disk (Oseco, 12.9 MPa @ 22.2 °C) was placed in the line
between the supply bottle and valve V1. An inconel rupture disk (Ficker, 51 MPa @ 22.2
°C) was placed between valves V1 and V2 (HiP).V1 and V2 are, respectively, the inlet and
outlet valves of the pump. The equipment configuration allows to working with two

different pumps (P1):

e a 240 mL syringe pump module (Thar Designs SP240) (b) controlled through a
computer.

e a 260 mL syringe pump module (Teledyne Isco Model 260D) (c) controlled through a
Teledyne Isco Pump Controller device (d).

Needle valves V2, V3 and V5 (HiP) controlled the CO, flow to the vessel system.

The three reactor vessels used in this work are:

i) A 100 mL tubular Minireactor (Autoclave Engineers) (Fig. 2.12a), suitable for
applications where a relatively high temperature is required. The closing up mechanism,
containing a self sealing O-ring, is designed to work at pressures below 20 MPa and high
temperatures. Teflon and viton o-rings, with maximum working temperatures of 204 and
232 °C, respectively, were used for the experiments performed in this autoclave. The vessel
is equipped with an in-line Magnedrive III (Fig. 2.12a), which is a high speed rotary
stirring mechanism with a straight blade turbine agitator (Fig. 2.12b). An inconel rupture
disk (Oseco, 20 MPa @ 22.2 °C) was placed in the body of the vessel. A heating band (Fig.
2.11, Rel) controlled by a PID device (Eng&Tech) was used to heat the vessel to the
desired temperature (Fig. 2.11e).
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Mamometer

Magnedrive 1

Rupture disk

Figure 2 .12 (a) High pre ssure tubul ar minireactor of 100 m L (Autoclave
Engineers), and (b) detailed view of the vessel and the shaft impeller

Two thermocouples (K type) located inside of the vessel and in the metallic heating
jacket allowed the control of both internal and external temperatures. The pressure attained
in the vessel was analogically read through a manometer (Fig. 2.11, P1). The reactor can
be coupledto a two stage oil rotatory vacuum pump (Edwards, E2 MO0.7, 0.3 Pa) (Fig.
2.12c¢) c onnected through valve V5 (Fig 2.11). This pump is used to eliminate residual

water or other solvents from the reactor when necessary.

ii) The second used reactor is the 100 mL high pressure autoclave (ThaDesign) shown
in Fig. 2.13. The vessel is equipped with two single-crystal sapphire windows (LG-201,
7/8” diameter) placed 180° apart in the reactor body to allow a visual inspection of the
experiments. An inconel rupture disk (HiP, 70.1 MPa @ 22.2 °C) was placed in the body
vessel for safety pr ecautions. Th e heating mechanism on th is v essel is ba sed on fo ur
resistance heaters placed in four cylindrical cavities made inside of the reactor wall (Fig.

2.14). The agitation on this reactor was attained by using an stir bar. An stainless steel
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support was designed and constructed to place the solid samples into the vessel avoiding
contact with liquids when they are added at the bottom of the reactor.

Queick fit connasctions
Zapphire window 1o tubing

Clossure

Resistances
comnEction
Aupture
disk

Thermocouple

Figure 2.13 Schematic re presentation ofth e high pressure re actor from
TharDesign.

iii) The third high pressure vessel, depicted in Fig 2.14, is a variable-volume cell (Phase
Equilibrium Analyzer, Thar Technologies) used to analyze the phase behavior of solutes in
supercritical CO,. This system was designed to measure the solubility of liquids or solids
in supercritical CO,. An special characteristic of this reactor is the hydraulic hand pump
that allows to increase or release pressure from the system by varying the vessel volume
from 5 mL to 15.5 mL, while keeping constant the amount of gas, and thus of solute, on
the vessel. The vessel was operated with the Thar Design SP240 pump. The vessel is
equipped with a rupture disc protection with a pressure limit of 41.4 MPa at 150 °C. The
cell includes two zapphire windows to adapt a digital camera to record the phase changes

occurring in the vessel and to light up the cell.
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Zapphire window and camera

Hydraulic system cOnnEchor

Zapphire window for light

a) ;
COnnECTion

Camera and light
connections

Energized spring

Figure 2.14 Schematic representation of the phase equilibrium analyzer from TharDesign:
(a) the whole equipment including the hydraulic system, and (b) detailed view of the cell.

2.5 CONCLUSIONS

The properties of supercritical CO , were revie wed and it was illu strated th e
enhancement on th e density of CO , confined in poro us media by usin g a men field
equation of state. The pr operties of scCO , represent an advantage fo ra ben ch of
applications, suchas  extractions, chro matography, polymerizations, syn thesis of
nanoparticles and the functionalization of porous materials with organic molecules. High
pressure technology is re quired to perfo rm such processes in scCO ,. High pr essure
equipments and specially t he vessel are designed with specific characteristics for the
process to carry out. In this th esis, three high pre ssure equ ipments were used for the
experiments performed, w hich are described in chapter III. Among them, th e variab le-
volume cell was designed to measure the solubility of liquids or solids in supercritical CO,
while the tubular and the sapphire window vessels, both with a volume of 100 mL were

designed to perform experiments in batch mode.

62



Chapter 11 SUPERCRITICAL CO,: PROPERTIES, APPLICATIONS AND

HIGH PRESSURE TECHNOLOGY

2.6 REFERENCES

10.
11.

12.
13.

14.

15.
16.

17.

18.

19.

M.M.O. Lemmon E.W., Friend D.G., NIST Chemistry Web-Book, NIST Standad Reference Database
Number 69. Thermophysical Properties of Fluid Systems ed. M.W.G. Linstrom P.J.2001National
Institute of Standards and Technology, Gaithersburg MD.

L.P.O.C. Change. Available from: http://www.ipcc.ch/publications and data/ar4/wgl/en/ch2s2-10-3-
2.html.

C.J. Lambertsen, Carbon Dioxide Tolerance and Toxicity, in Environmental Biomedical Stress Data
Center1971, Universty of Pennsylvania Medical Center: Philadelphia, PA.

J.-J.S. Ram B. Gupta, Solubility in Supercritical Carbon Dioxide2007: CRC Press.

JR.D. SM. Hitchen, Applications of Supercritical Fluids in Industrial Analysis ed. S.S.B.M.
Dordrecht1993.

E.J. Beckman, Supercritical and near-critical CO2 in green chemical synthesis and processing. Journal
of Supercritical Fluids, 2004, 28(2-3), 121.

R.W. Shaw, T.B. Brill, A.A. Clifford, C.A. Eckert, and E. Ulrich Franck, Supercritical water a medium
for chemistry. Chemical and Engineering News, 1991, 69(51), 26.

P.A. Engineers. Available from: http://www.autoclave.com/.

C. Capello, U. Fischer, and K. Hungerbuhler, What is a green solvent? A comprehensive framework for
the environmental assessment of solvents. Green Chemistry, 2007, 9(9), 927.

Ram B. Gupta and J.-J. Shim, Solubility in Supercritical Carbon Dioxide, ed. C. Press2007.

E. Reverchon and 1. De Marco, Supercritical fluid extraction and fractionation of natural matter.
Journal of Supercritical Fluids, 2006, 38(2), 146.

T.C.W. P.T. Anastas, Green Chemistry: Theory and Practice, ed. O.U. Press2002New York.

A.P.Y. Wong, S.B. Kim, W.I. Goldburg, and M.H.W. Chan, Phase separation, density fluctuation, and
critical dynamics of N, in aerogel. Physical Review Letters, 1993, 70(7), 954.

APY. Wong and M.H.W. Chan, Liquid-vapor critical point of *He in aerogel. Physical Review
Letters, 1990, 65(20), 2567.

D.D. Duong, Adsorption analysis: equilibria and kinetics1998: Imperial College Press.

P. Lopez-Aranguren, L.F. Vega, C. Domingo, and E.H. Chimowitz, An equation of state for pore-
confined fluids. AIChE Journal, 2012, 58(11), 3597.

M.S. Gruszkiewicz, D.J. Wesolowski, and D.R. Cole, Thermophysical properties of pore-confined
supercritical carbon dioxide by vibrating tube densitometry. Proceedings of the Thirty-Sixth Workshop
of Geothermal Reservior Engineering, Stanford University, Stanford, California, 2011.

R. Pierantozzi, Carbon Dioxide, in Kirk-Othmer Encyclopedia of Chemical Technology,2000, John
Wiley & Sons, Inc.

E. Ramsey, Q. Sun, Z. Zhang, C. Zhang, and W. Gou, Mini-Review: Green sustainable processes using

supercritical fluid carbon dioxide. Journal of Environmental Sciences, 2009, 21(6), 720.

63


http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-3-2.html
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-3-2.html
http://www.autoclave.com/

Chapter 11 SUPERCRITICAL CO,: PROPERTIES, APPLICATIONS AND

HIGH PRESSURE TECHNOLOGY

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

M. Perrut, Supercritical Fluid Applications: Industrial Developments and Economic Issues. Industrial
& Engineering Chemistry Research, 2000, 39(12), 4531.

AL Cooper, Porous Materials and Supercritical Fluids. Advanced Materials, 2003, 15(13), 1049.

G. Giibitz and M.G. Schmid, Chiral separation by chromatographic and electromigration techniques.
A review. Biopharmaceutics and Drug Disposition, 2001, 22(7-8), 291.

R.M. Smith, Supercritical fluids in separation science - The dreams, the reality and the future. Journal
of Chromatography A, 1999, 856(1-2), 83.

C. Magnan, C. Bazan, F. Charbit, J. Joachim, and G. Charbit, Impregnation of porous supports with
active substances by means of supercritical fluids, 1996. p. 509.

H. Igen and M. Giirli, Extraction of caffeine from tea stalk and fiber wastes using supercritical carbon
dioxide. Journal of Supercritical Fluids, 2009, 50(3), 225.

E. Reverchon and R. Adami, Nanomaterials and supercritical fluids. Journal of Supercritical Fluids,
2006, 37(1), 1.

D.L. Tomasko, H. Li, D. Liu, X. Han, M.J. Wingert, L.J. Lee, and K.W. Koelling, 4 Review of CO2
Applications in the Processing of Polymers. Industrial and Engineering Chemistry Research, 2003,
42(25), 6431.

G.C. Institute, CO2 for use in enhanced oil recovery (EOR), 2012, Global CCS Institute.

C. Aurel, Applied Enhanced Oil Recovery, ed. P. Hall1992.

A. Amarnath, Enhanced Oil Recovery Scoping Study, 1999, Electric Power Research Institute
California, USA.

Flavex. Available from: http://www.flavex.com/naturextrakte/home/.

P. Corporation. Available from: http://www.phasex4scf.com/.

Medwest. Available from: http://www.med-west.com/index.html.
R.J. Clarke; and O.G. Vitzthum, Coffee: recent developments, ed. R.J. Clarke; and O.G.
Vitzthum2001Great Britain: Blackwell Science.

D. Corchos. Available from: http://www.diam-corchos.com.

J.L. Kendall, D.A. Canelas, J.L. Young, and J.M. Desimone, Polymerizations in Supercritical Carbon
Dioxide. Chemical Reviews, 1999, 99(2), 543.

A.L Cooper, Polymer synthesis and processing using supercritical carbon dioxide. Journal of Materials
Chemistry, 2000, 10(2), 207.

A. Salerno and P.A. Netti, Introduction to biomedical foams. Biomedical Foams for Tissue Engineering
Applications, 2014, 3.

D.T.S. B.V.; Available from: http://www.dyecoo.com/.

M.I. Cocero, A. Martin, F. Mattea, and S. Varona, Encapsulation and co-precipitation processes with
supercritical fluids: Fundamentals and applications. The Journal of Supercritical Fluids, 2009, 47(3),
546.

64


http://www.flavex.com/naturextrakte/home/
http://www.phasex4scf.com/
http://www.med-west.com/index.html
http://www.diam-corchos.com/
http://www.dyecoo.com/

Chapter 11 SUPERCRITICAL CO,: PROPERTIES, APPLICATIONS AND

HIGH PRESSURE TECHNOLOGY

41.

42.

43.

44.

45.

46.

47.

48.
49.
50.
51.
52.
53.
54.
55.
56.

57.
58.
59.

60.
61.

U.B. Kompella and K. Koushik, Preparation of drug delivery systems using supercritical fluid
technology. Critical Reviews in Therapeutic Drug Carrier Systems, 2001, 18(2), 173.

N. Murillo-Cremaes, A.M. Lopez-Periago, J. Saurina, A. Roig, and C. Domingo, Nanostructured
silica-based drug delivery vehicles for hydrophobic and moisture sensitive drugs. Journal of
Superecritical Fluids, 2013, 73, 34.

N. Murillo-Cremaes, A.M. Lopez-Periago, J. Saurina, A. Roig, and C. Domingo, 4 clean and effective
supercritical carbon dioxide method for the host-guest synthesis and encapsulation of photoactive
molecules in nanoporous matrices. Green Chemistry, 2010, 12(12), 2196.

P. Lopez-Aranguren, L.F. Vega, and C. Domingo, 4 new method using compressed CO2 for the in situ
functionalization of mesoporous silica with hyperbranched polymers. Chemical Communications,
2013, 49(100), 11776.

P. Lopez-Aranguren, J. Saurina, L.F. Vega, and C. Domingo, Sorption of tryalkoxysilane in low-cost
porous silicates using a supercritical CO2 method. Microporous and Mesoporous Materials, 2012,
148(1), 15.

AM. Loépez-Periago, W. Sandoval, and C. Domingo, Chemical modification of nanometric TiO2
particles by anchoring functional silane molecules in supercritical CO2. Applied Surface Science,
2014, 296, 114.

N. Murillo-Cremaes, P. Subra-Paternault, J. Saurina, A. Roig, and C. Domingo, Compressed
antisolvent process for polymer coating of drug-loaded aerogel nanoparticles and study of the release
behavior. Colloid and Polymer Science, 2014.

Parker. Available from: http://www.parker.com.

Hip. Available from: http://www.highpressure.com/products/.
T.S. Tehnology. Available from: http://www.tst.tw/en/home.php.

Separex. Available from: http://www.separex.ft.

T. Process. Available from: http://www.tharprocess.com/index.html.

Swagelok. Available from: http://www.swagelok.com/.

C. Technologies. Available from: http://www.chematur.se/.

N. Prozesstechnologie. Available from: http://www.natex.at/index.html.

H. Kim, An investigation of Corrosion Mechanisms of Constructional Alloys in Supercritical Watare

Oxidation (SCWO) Systems. , 2000, Massachusetts Institute of Technology.

A. Engineers. Available from: http://www.autoclaveengineers.comy/.

L. Kumar, Pressure vessel seal with self-energizing seal, 1998, Google Patents.

AE.-. Magnedrive. Available from:
http://www.autoclaveengineers.com/products/magnetic_coupled mixer/index.html?zoom_highlightsub
=ly.

T. Isco. Available from: http://www.isco.com/.

Lewa. Available from: http://www.lewa.com/.

65


http://www.parker.com/
http://www.highpressure.com/products/
http://www.tst.tw/en/home.php
http://www.separex.fr/
http://www.tharprocess.com/index.html
http://www.swagelok.com/
http://www.chematur.se/
http://www.natex.at/index.html
http://www.autoclaveengineers.com/
http://www.autoclaveengineers.com/products/magnetic_coupled_mixer/index.html?zoom_highlightsub=ly
http://www.autoclaveengineers.com/products/magnetic_coupled_mixer/index.html?zoom_highlightsub=ly
http://www.isco.com/
http://www.lewa.com/

Chapter 11 SUPERCRITICAL CO,: PROPERTIES, APPLICATIONS AND
HIGH PRESSURE TECHNOLOGY

62. C. Vemavarapu, M.J. Mollan, M. Lodaya, and T.E. Needham, Design and process aspects of
laboratory scale SCF particle formation systems. International Journal of Pharmaceutics, 2005, 292(1-

2), 1.

66



CHAPTER III

FUNCTIONALIZATION OF POROUS SUBSTRATES USING
SUPERCRITICAL CO,

This chapter describes the synthesis procedures and the working conditions for the
functionalization of porous silica with organic molecules using supercritical CO, as the
reaction media. The functionalization step requires the knowledge of the best operating
conditions f.i. pressure, temperature, reaction time or use of co-solvents, which are here
discussed in detail. For the samples prepared results concerning the identification of the
introduced species, the change in the textural properties and the thermal behavior of were
analyzed here. For this reason, at the beginning of the chapter a short description of the

solid state characterization tools applied is presented.
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3.1 INTRODUCTION

The internal surface of micro and nanoporous substrates can be modified in terms of
charge, functionality or even reactivity and stability by means of organic molecules. As
described in chapter I, the modification of porous materials can be performed after their
synthesis through post-synthethic methods. Among these methods, the silanization reaction
is a common approach to graft organosilanes to the surface of porous silica. The
silanization reaction using alkyl- and aminosilanes was performed here using a CO,
solventless strategy. On one hand, hydrophobic molecules, such as octyltriethoxysilane,
were used to modify the internal surface of the chosen substrates, with the objective of
obtaining high capacity oil adsorbents. On the other hand, aminosilanes containing primary
and secondary amino groups were grafted on porous substrates to obtain sorbents for CO,
adsorption. The use of supercritical CO, as a solvent, requires to determine the solubility of
the solutes involved in the reaction. Alkylsilanes exhibit high solubilities of ca. 2- 10° g L’
" in scCO, under low temperature and pressure conditions (45 °C, 10 MPa). On the
contrary, amino groups present in aminosilane molecules react with CO, forming
carbamates, unsoluble salts in scCO,. However, the carbamate formation is a reversible
reaction that can be controlled through the operating conditions of pressure and
temperature. In order to determine those conditions, the behavior of the aminosilane in

scCO, was visually studied using the variable volume cell.

Porous sorbents for CO, adsorption purposes can also be prepared by introducing
aminopolymer networks into the pores of the silica. In this thesis, porous silica was
modified with a hyperbranched polyethyleneimine polymer through the in situ

polymerization of ethyleneimine under compressed CO,.

The knowledge of the surface characteristics of porous substrates is of great importance
for an eventual improvement on their performance through the introduction of
functionalities. Solid state characterization tools were applied to understand the physico-
chemical properties of bare and functionalized substrates. Fourier transform infrared
spectroscopy, thermogravimetric analysis and low temperature N, adsorption/desorption
1sotherms were used to determine the success of the functionalization, the interactions

between the substrate and the organic molecules introduced and the textural properties of
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the prepared materials. An special focus is given to identify the adaptation of hybrid

structures for sorption processes.

From an experimental perspective, micro- and mesoporous structures are difficult to
characterize being hard to understand the sorbent structure at a molecular level. Moreover,
the underlying mechanism of the sorption process in highly complex organic
functionalized materials is not yet fully understood. This incomplete understanding limits
the possibilities of designing optimal adsorbents increasing the interest in performing
complementary experimental-simulation studies. In this work, the adsorption of N, in
organosilane-modified disordered mesoporous silica (silica gel 40), ordered mesoporous
silica (MCM-41) and crystalline aluminosilicate (zeolite Y) is analyzed by a combination
of experiments and simulations. The goal of the adsorption simulation study was twofold:
first, to assess the ability of using grand canonical Monte Carlo to obtain quantitative
predictions of the adsorption characteristics of gases on bare and organolsilane post
functionalized products and, second, to provide new insights into the adsorption

mechanism. The simulated results are discussed and compared with experimental data.

3.2 CHARACTERIZATION TOOLS

3.2.1 Confirming the presence of organic moieties: Fourier Transform Infrared

Spectroscopy

To confirm the presence of the organic moieties in the treated materials, the Fourier
transformed infrared (FTIR) spectra of the solid samples mixed with KBr were recorded on
a Perkin-Elmer Spectrum in the range of ca. 500-4000 cm™. This technique was useful to
determine the presence of organic moieties into the silica matrices, mainly through the
characteristic peaks corresponding to the vibration of CH; and/or CH, groups in the range

0f 3000-2750 cm’".
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3.2.2 Loading concentration and thermal stability: thermogravimetric and elemental

analysis

Thermogravimetric analysis (TGA) allows the quantification of the weight loss
occurring from a compound when increasing the temperature. In this thesis,
thermogravimetric profiles of raw and modified substrates were recorded in a Q5000 IR
TA Instruments in the temperature range of ambient to 800 °C, applying a heating rate of
10 °C min™ and 25 mL min™ of N, flow. Thermogravimetric analysis is a well established
method to determine the organic content of organically modified porous silica [1-5].
Moreover, the obtained thermogravimetric profiles provided information about the
decomposition patterns of the organic content introduced into the pore media. The
representation of the first derivative of the weight loss curve indicates the inflection points
where there is the greatest rate of change on the weight loss curve. The amount of silanol
groups on the raw substrates was also estimated through this technique. In some selected
samples, the organic content was determined by elemental analysis of C, N and H,
performed in a Flash EA2000 Thermo Fisher Sci., in order to contrast data with

thermogravimetric profile results.

The measurement of the weight loss occurring for the substrates modified with
organosilanes allows the determination of the deposited silane (d;), expressed as the
amount of grafted molecules (g,) per gram of dry matrix (g,), d= g gn'. The grafting
density (pgran) is expressed as the number of molecules (molec) per square nanometer of
surface area referred to the raw substrate (pgraning = molec nm'z). The molecular weight
(M,,) calculations were performed independently for the trapped silanols, calculated as the
hydrolyzed form of the alkoxysilane (f.i., for octyltriethoxysilane Mw = CgSi(OH);) and
for the grafted siloxane (only the organic chain, f.i., for octyltriethoxysilane Mw=Cg). The
grafting density was calculated using Eq. 3.1:
d 6107

= Eq. 3.1
pgm_fl MW'SG(I”CZW) ( q )
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3.2.3 Determining the textural properties: N, adsorption isotherms

The low temperature adsorption of N, (-196 °C) is a widely used technique for the
characterization of porous materials [6]. In the recorded isotherms, the amount of adsorbed
gas is represented versus the relative pressure, P/P,, where P, represents the saturation
pressure of the gas [7]. The application of adsorption models allows for the determination
of the textural properties from the isotherms. Thus, the specific surface, the pore volume
and the pore size distribution can be determined from them. The most widely used method
applied on the determination of the specific surface area is the BET method, developed by
Brunauer, Emmett and Teller [8, 9]. The expression of the BET model [9] includes the C
value. The C parameter represents the surface adsorbate/adsorbent interaction energy, so it
must have a positive value. Although rigorous interpretation of the C constant combined
with its use for the determination of surface energies has fundamental limitations, this
simplistic qualitative approach gives an idea of the hydrophobic character of the surface:
the lower the C constant value, the lower the hydrophilicity. The BET equation can be
plotted as a straight line where the linear relationship is maintained only in the range 0.05
<P/Py<0.3. The value of the slope is related to the surface area. The calculation of the
specific surface area (S,) through the BET method is based on the average area occupied
by a N, molecule in a completed monolayer [10]. For N, at -196 °C, the area is usually
taken as 0.162 nm®. The BET equation is applicable for surface area analysis of nonporous-
and mesoporous materials, but in a strict sense, it is not applicable to microporous
adsorbents. The high adsorption potentials that micropores exhibit make difficult to
separate the processes of mono and multilayer adsorption from micropore filing.
Micropore filling is usually completed at relative pressures below 0.1 and linear BET plots
are found at even lower relative pressures. In this case, the obtained surface area value
does not reflect the true internal surface area but should be considered as a kind of
characteristic or equivalent BET area. For mesoporous materials with pores wider than 4
nm, pore filling occurs in the multilayer region of the sorption isotherms and usually no
special difficulties arise in the application of the BET theory [11, 12]. The method of
Barret, Joyner and Halenda (BJH) is the most applied one in the determination of the pore
size distribution [13]. For BJH calculations, both the adsorption and desorption branch of
the isotherm can be used. For microporous materials, the t-plot method, proposed by
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Lippens and de Boer [14], is used for the determination of the micropore volume, surface

area and the average pore size.

In this work, N, adsorption/desorption isotherms at -196 °C of raw and modified
substrates were performed on an ASAP 2000 Micromeritics instrument. Prior to the
measurements, all samples were outgassed at 120 °C under vacuum (0.26-0.53 Pa) for 24
h, with the exception of Zeolite Y that was degassed at 150 °C for 48 h. The specific
surface area (S,) of the samples was determined by the BET method. Pore volume (V) and
the mean pore diameter (D,) were calculated using the BJH method from the adsorption

branch of the isotherm. The micropore volume (V) was estimated by the t-curve method.
3.2.4 Molecular simulations: structural models of the porous media

The gas adsorption behavior of pristine and organosilane modified porous silica was
studied by molecular simulation. Prior to simulate the gas adsorption, the porous structure
had to be modeled. The models for the surface-modified substrates were generated in two
steps. First, the geometrical structure of the porous silica skeleton was generated together
with the silanol groups. Second, silane chains were added considering two possible kinds

of interactions with the substrate, physical (impregnation) and chemical (grafting).

3.2.4.1 Zeolite Y

The structures of crystalline solids, such as zeolites, are entirely known, and atomistic
models are already available [15]. The faujasite structure was extracted from the zeolite
database available in the Materials Studio software package [16]. A ratio Si/Al =1 was
considered in the model, with no lattice defects and, thus, no silanol groups on the pores
surface. Further details on the faujasite model can be found elsewhere [17]. The model of

the zeolite Y structure is shown in Fig. 3.1a
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a) zyY b) SG,o c) MCM-41

Figure 3.1 Models of the supports used for functionalization. Color key for SG40 and MCM-41:
Si: yellow; bridging O: red; nonbridging O: green; H: white

3.2.4.2 Amorphous silica gel

For non-crystalline materials, such as silica gel, the link between the real and the model
(simulated) material is merely statistical. Therefore, the first step to reproduce the
functionalized silica gel surface was to build a realistic model to represent the pristine
porous matrix. The method used in this work to generate the model of the amorphous silica
gel is an atomistic procedure that follows the concepts of the experimental synthetic
procedure [18-20]. Using the hard-sphere model, a cubic box with a preset void volume is
filled with a chosen number of spheres and a predetermined surface area. The spheres are
placed in the box at random positions until they fit in the simulation cell, being both the
dimension of the simulation cell and the radius of the sphere found by iteration. Because of
computational constrains, the specific model was constructed using only two
interconnected spheres. Although this restriction may limit the validity of some
quantitative aspects of the adsorption results, the model is suitable for the thoughtful

analysis of obtained data, assessed by comparison with experimental observations.

The hard spheres in the box were subsequently replaced by a realistic model of
pregenerated amorphous silica spheres. The primary silica nanospheres in the model were
considered as constituted by nonporous vitreous silica; the initial amorphous silica blocks
were taken from the Materials Studio structures database [16]. The primary silica spheres

were built by carving out from the bulk vitreous silica model using a random central point
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and the previously calculated radius. The surface of the silica spheres obtained in this
manner is composed of oxygen atoms bonded to two silicon atoms and oxygen bonded to a
single silicon atom. Single-bonded nonbridging oxygens were connected to hydrogen
atoms and represent the hydroxyl silanol groups. The calculated silanol density in the
model was 4.5 OHnm™. Figure 3.1b shows a snapshot of the generated silica structure.

Information regarding the interaction parameters can be found in detailed elsewhere [17].

3.2.4.3 MCM-41

The MCM-41 model was generated following the work of Pellenq et al. [21] to build
atomistic models of MCM-41. The method consists of carving out a hexagonal array of
cylindrical pores (Fig. 3.1c) from a block of amorphous silica [22] obtained from the
Materials Studio database [16]. The silica atoms outside the volume of the carved cylinder
are kept, and all of the oxygen atoms bonded to these silica atoms are included in the silica
model. These nonbridging oxygen atoms are connected to hydrogen atoms to form surface
hydroxyl groups. The final structure generated by this procedure provides a sufficiently
realistic model of amorphous silica, particularly of its surface. The full details of the

generation of the model can be found elsewhere [17, 23].

3.2.5 Molecular weight determination of PEI polymer: Static Light Scattering and
Maldi-ToF.

The experiments performed in this thesis include the polymerization of the
ethyleneimine monomer under compressed CO,, which leads to a hyperbranched
polyethyleneimine polymer. The characterization of the polymer included its molecular
weight determination. Two different techniques were applied: first, static light scattering
(SLS) method was used to estimate the molecular weight of the synthesized polymer using
a Nano Zetasizer equipped with a He/Ne 633 nm laser (Malvern Instruments). Four
concentrations (0.25, 0.5, 0.75 and 1.00 g L) of the polymer dissolved in deionized water
were prepared. To determine the absolute molecular weight, a Debye plot was generated
from the light scattering measurements performed for the solvent and polymer solutions.
Second, an Applied Biosystems Voyager 6214 time-of-flight mass spectrometer equipped
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with a matrix-assisted laser desorption/ionization source (MALDI-ToF) was also used to
estimate the polymer molecular weight. Prior to measurements, the polymer sample was

disolved in deionized water.

3.3 SUPERCRITICAL FUNCTIONALIZATION USING ORGANOSILANES

The silanization process using trifunctional silanes is described as an effective method
to introduce organic groups into the surface of porous silica based materials (section 2.5.2).
Silanization using supercritical CO, as a solvent medium is applied in this work to take
advantage of the properties of SCFs (section 3.2). Previous works reported detailed studies
of the bottom-up formation of hybrid materials by the self-assembly of trialkoxysilanes on

the surface of nanoparticulate systems using scCO; as the solvent medium [24-26].

When the loading is carried out from a liquid solution the possibility of competition
between solvent and solute molecules for the substrate adsorption sites often leads to the
incorporation of both components into the internal surface of the porous system. The
adsorptive behavior of scCO, in porous systems is fundamentally different from that of
fluids at pressures and temperatures lower than the critical [27]. Adsorption at mesopores
receives the name of capillary condensation and is not possible in supercritical fluids. Only
microporous materials are slightly effective at adsorbing scCO,, as physical adsorption is
enhanced by the overlapping of the molecule-surface interaction potentials from opposite
pore walls. Nevertheless, the micropore filling process is only accomplished in large
quantities with vapors. Thus, competition between the solvent and the solute for the

substrate adsorption sites is reduced in scCO, with respect to liquid solvents.

3.3.1Alkylsilanes
3.3.1.1 Functionalization procedure

The functionalization of porous silica using octyltriethoxysilane and
octyldimethylmethoxysilane (Fig. 3.2al,b1) was performed in the TharDesign reactor (Fig.

3.3a), which meets the requirement for the operating conditions applied (section 3.5).
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Figure 3 .2. Al kylsilanes used in this work: (a 1) octyltriethoxysilane and (b1)
octyldimethylmethoxysilane with their respective hydrolized forms (a2, b2).

Figure 3.3 Representation of the set up used in the silanization process: (a) vessel charged with the silane at the
bottom and the metallic support containing the matrices and (b) top view of the matrices placed in the metallic

support.

The operating conditions were selected according to the solubility of the alkoxysilane
used in scCO,. Garcia et al. evaluated the solubility beh avior of oct yltriethoxysilane in

compressed CO , at 45 and 75 °C and pressures in the rang e of 8-18 MP a [28]. The
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measured solubility data was correlated using the density-based equation proposed by
Chrastil [29]. Table 3.1 shows the solubility values for octyltriethoxysilane at different
conditions. Octyldimethylmethoxysilane exhibit less polarity than octyltriethoxysilane and

therefore it is expected to have a higher solubility in scCO,.

Table 3.1.Solubility values for octyltriethoxysilane obtained from
experimental measurements from ref. [30].

Temperature [ °C] Pressure [MPa] Solubility [g L7
45 10 2107

20 18-107

10 0.2:10°
75 .

20 27-10°

A set of grafting experiments was performed at temperatures of 45 and 75 °C and
pressures of 10 and 20 MPa. Reaction times were varied from 90 to 420 min. For each
experiment, the reactor was charged with ca. 0.5 g of the porous silica substrate enclosed
in a cylindrical cartridge made of 0.45 pm pore filter paper, which was placed in the upper
part of the autoclave in a metallic support (Fig. 3.3b). Liquid alkylsilane (ca. 0.5 mL) was
added to the bottom of the reactor. Liquefied CO, was compressed with the aid of the
syringe pump at the desired pressure (P). The autoclave was heated at the chosen
temperature value (T). The system was stirred at 300 rpm with a magnetic stirrer during all
the running time. At the end of each experiment, the reactor was depressurized and led to
cool to room temperature. Recovered samples were washed with a continuous flow of
scCO, at 10 MPa and 45 °C during 30 min to remove the excess of deposited silane. For
each substrate, a blank sample resulting from the supercritical treatment of the matrix in
the absence of silane was also prepared under similar supercritical conditions of processing
and washing [31]. Experimental conditions of each run are shown in Table 3.2, together

with some products characteristics.
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Table 3.2. Supercritical operating conditions and some obtained results: TGA estimated amount of deposited
silane [ds] in the interval 150-600 °C, expressed as grams of silane per grams of dry matrix [gs gm-1]; textural
properties including the C value of the isotherm; silane grafting density (pgrafting), expressed as the number of
silane molecules per square nanometer [molec nm™].

T P t d Sa Ve D, Pgraft

[°C] [MPa] [min] [gg,"][m’g"] [m’g"] [nm] ] [molec nm™]
b-CC 75 10.0 120 - 384 0.89 8.8 0.008 111 -
1-CC 75 10.0 90 0.065 350 0.71 8.5 - 42 0.85
2-CC 75 10.0 240 0.065 360 0.80 7.3 - 38 0.82
5-CC 75 10.0 420 0.095 300 0.67 7.4 - 33 1.02
3-CC 75 20.0 90 0.060 340 0.81 8.0 - 46 0.75
4-CC 45 20.0 120 0.056 340 0.79 7.4 - 54 0.7
b-SB 75 10.0 120 - 611 0.09 2.3 0.18 - -
1-SB 75 10.0 90 0.146 500 0.07 2.0 0.17 - 1.02
2-SB 75 10.0 240 0.144 382 0.06 2.0 0.10 - 095
5-SB 75 10.0 420 0.163 52 0.02 1.9 0.01 - 1.16
3-SB 75  20.0 90 0.133 320 0.05 2.0 0.08 - 094
4-SB 45 20.0 120 0.132 464 0.07 2.0 0.13 - 094
b-SGyy 75 10.0 120 - 591 0.48 4.0 - 98 -
1-SG4y 75 10.0 90 0.055 460 0.41 4.0 - 48 0.43
2-SGyy 75 10.0 240 0.057 500 0.40 4.0 - 52 0.44
3-SGy 75 20.0 90 0.078 410 0.38 4.2 - 49 0.57
4-SGyy 45 20.0 120 0.066 490 0.40 4.1 - 50 0.50
b-ZY 75 10.0 120 - 600 - - 0.28 - -
2-7Y 75 10.0 240 0.156 425 - - 0.17 - 096
5-ZY 75 10.0 420 0.161 352 - - 0.14 - 1.02
3-ZY 75  20.0 90 0.186 360 - - 0.17 - 1.13
4-7Y 45 20.0 120 0.179 360 - - 0.17 - 1.05
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3.3.1.2 Infrared characterization

The FTIR spectra of the pristine matrices showed intense absorption bands in the 1000—
1400 cm™ region (Fig. 3.4a), which corresponded to the stretching vibrations of the O—Si—
Obond in the SiO, tetrahedrons of the SiO, skeleton. The band at ca. 950 cm™ was
associated with vibrations of Si—OH bond. The two intense absorption bands present at
3400 and 1620 cm ™ were ass igned, respectively, to the stretching and defo rmation
vibrations of adsorbed water molecules. The presence of silane inthe prepared samples
was confirmed by FTIR (Fig. 3.4b) [32]. Characteristic bands corresponding to the organic
part of the silane molecule were th ose appearing at ca. 2955 cm” (CH; symmetric
stretching), 2928-2914 cm™ (CH, antisymmetric stretching) and 28 51 c¢cm™ (CH,

symmetric stretching). The pattern of alkyl groups in the silane monolayer was assessed by

means of the position of the CH, stretching bands [33].
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Figure 3.4 FTIR spectra of the different impregnated matrixes at 100 bar and 75 °C: (a) 4000-500 ¢cm™
range, and (b) zoom ofthe 3000-2900 cm *' range showing the positi on of the CH , stretching
antisymmetric band. Vertical line is situated at 2926 cm™.

3.3.1.3 Thermal analysis and grafting density

Thermal behavior of silane treated samples as well as the amount of impregnated silane
was studied by thermogravimetric analysis [34, 35]. For all alky Isilica samples prepared,
the first significant weight loss occur red below ca. 150°C, and it was attrib uted to

desorption of physically adsorbed water also present in the raw substrates. At temperatures
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ranging from 150 to 600 °C, the weight loss was attributed to evaporation and
decomposition of the deposited organic moieties. For silica gel samples, some of the
weight loss occurring within this temperature range was due to the removal of surface
silanol by the formation of siloxane bonds with the concomitant loss of water [36]. For raw
zeolite, the loss of water in this temperature interval was almost negligible. The chemistry
of the reaction of trialkoxysilanes with hydrated surfaces is complex because several
mechanisms can be involved simultaneously [37]. The silanization reaction is
hydrolytically initiated, which leads to the formation of hydroxyl groups (CgSi(OH);) that
replace the alkoxide groups in the raw silane. In the supercritical anhydrous process, the
water needed to start the hydrolysis comes from moisture adsorbed on the substrate pores
and no additional water was added to the system. The formed silanols, first hydrogen
bonded (Si—OH...HO-Si) and, then, condensed with other silanol groups or with the OH
groups that are present on the surface of the pores forming in both cases siloxane (Si—O—
Si) bonds. Hence, many different intermediates are possible and this was reflected in the
recorded thermographs [38]. In general, it is described that the weight loss mainly occurs
in two uneven stages, attributed to weakly and strongly bound alkyltriethoxysilanes. The
first step takes place from ca. 150 to 375 °C and corresponds to vaporization of
physisorbed and hydrogen-bonded silanol molecules (Mwcssicony=192) (Fig. 3.5a). The
decomposition of strongly bounded species (highly cross-linked and/or chemisorbed
silanes) by cleavage of C—C and Si—C bonds occurs in a second step in the range of ca.

375-600 °C (Mwcs=113) (Fig. 3.5b) [35].

The influence of the operating conditions on product characteristics was first evaluated
(Table 3.1). Working conditions, specifically 10 MPa and 75 °C, corresponded to high
solubility of silane in scCO, [30]. The reaction time is identified as a key parameter
influencing the diffusion of the silane solution in the substrate pores. However, in the
performed series of experiments, with reaction times ranging from 90 to 240 min, results
indicated that the influence of the reaction time was quite limited after 90 min. This
finding is related to the described enhanced diffusion of scCO; to the interior of the porous
network compared to liquid solvents. Only for mesoporous samples the amount of
deposited silane increased in experiments performed during 420 min, but in these cases the
effect was most likely associated to multilayer formation. Large differences in regard of
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deposited silane and resulting sample characteristics were observed as a function of the

used substrate.
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Figure 3.5 Schematic representation of the weight loss ranges on functionalized silica:
weight loss of ph ysisorbed silane (a) oc curs at temperatures between 150 -375 °C
whereas chemisorbed and (b) crosslinked silanes decompose at 375-600 °C.

Fig. 3.6 shows some examples of thermogravimetric and derivative curves for each type
of silanized substrate. The importance of the weight loss produced in the two temperature
intervals strongly depended on the su bstrate ty pe. Polar mesoporous sub strates hav e a
highly reactive surfac e witha hydroxyl surface den sity of 4 -6 OH nm™ [39]. In
consequence, these compounds lost most of the deposited silane in the second temperature
stage of the thermograph (375-600 °C): 90% for CC (Fig. 3.6a), 80% for SB (Fig. 3.6b)
and SGyo (Fig. 3.6¢). The maximum rate of thermal decomposition occurred at ca. 550 °C.
The mesoporous space facilitated the siloxane self-condensation reaction between adjacent
silanols and the high hydroxyl surface density assisted the chemisorption, thus, resulting in
highly stable coatings. For running times between 90 and 240 min, total mass loss for these
materials were 5—-6 wt%, except for the SB matrix that presented values of deposited silane
of ca. 14-16 wt%. This high impregnation percentage for the SB material indicated that
adsorption also occurred in the micropore space. For experiments performed at 420 min,
the amount of i mpregnated silane in creased, although the ext ra-silane adsorbed was
located in the area of weakly adsorbed silane, and could be due to multilayer formation
(Fig. 3.6a and b for 5-CC and 5-SB samples, respectively). The estimated grafting densities
were ca. 0.50 molec nm? for SG 4, 0.85 molec nm™ for CC and 1.0 molec nm™ for SB
samples. T he maximum bonding density a ttained for s mall-pore silica ge | substrates
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reported in the literature is 1.6 molec nm™when working at P > 50 MPa [40]. A continuous
decay in the thermograph curve was observed for microporous zeolite samples in the range
200-600 °C (Fig. 3.6d), with no inflexion point in the derivative curve. The surface density
of silane deposited was 1.0—1.1 molec nm™. Most of the weight loss (ca. 75-80 wt%)
occurred in the low tem perature rang e (200-375 ° C). For microporous sam ples, cross-
linking is sterically hindered due to the lack of space, which resulted in a high number of
low molecular weight species with low evaporation temperature. Moreover, silanol groups
in zeolites were mostly pre sent in th e external surface as terminal g roups, thus bein g

difficult to attain chemisorption in the internal crystalline porous structure.

Aoy o
- [THEIE]

Figure 3.6 Selected TGA profiles of samples prepared using different conditions for: (a) CC,
(b) SB, (c) SG40 and (d) ZY. d[sample] indicates the derivative curve of the corresponding
sample.
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3.3.1.4. Textural properties

Figure 3.7 showsth e N, adsorption/desorption isotherms of the bl ank adsorbents
(treated with pure scCO ;) com pared to th e respective silanized samples. For the
mesoporous and microporous studied materials, the generated isotherms were distributed
into the types [ and IV. In all the cases, isotherms of raw ant treated matrices had a similar
shape, but the silanized materials presented a lower volume of N, adsorbed. Raw and
treated CC and SGy samples displayed a type IV isotherm with an H2 hysteresis loop (Fig.
3.7aand c), corresponding to mesoporous systems with not well-defined di stribution of
pore size and shape. Both SB and ZY adsorbents had a predominant type I isotherm (Fig.

3.7b and d) indicative of microporosity.
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Figure 3.7 Recorded isotherms for blank and selected treated samples: (a) CC, (b), SB, (¢) SG40
and (e) ZY.

The BET surface area and pore volume of the studied adsorbents are given in Table 3.2.

Data of Table 3.2 shows that the surface area of treated mesoporous adsorbents (CC and
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SGyp) underwent a slight decrease in comparison to bare matrices treated with pure scCO,.
On the contrary, the decrease in surface area was more noticeable for substrates with
microporosity (SB and ZY). As a conclusion, the effect of silanization in the estimated
values of surface area was found to be significant only for microporous materials. The
thickness of the deposited CgSiO- layer was estimated to be ca. 1.2 nm. As a consequence,
silane deposition considerably modified the architecture of the cylinders with the smallest
pore diameter, which had the highest contribution to the specific surface area. Similarly,
the deposition of silane molecules on the internal surface of porous materials implied a
decrease in pore volume, attributed to both decrease in mean pore diameter and potential
pore blocking, more significant for materials with micropores (Table 3.2).The treatment of
the silica materials with silane was expected to confer hydrophobicity to the samples. The
hydrophobic character could be assessed from the intensity of the N, adsorption
interactions with the substrate related with the values of the C constant in the BET
equation (Table 3.2) [41]. Results indicated that bare materials had a relatively high value
of the C constant (ca. 100), which was consistent with high-energy interactions between N,
and the OH groups on the surface of a hydrated silica. The silanization process decreased
the values of the C constant by a 2-fold factor, approximately. This is explained as a

weakening of the N, interactions with the hydrophobic silanized surfaces.

3.3.1.5 Molecular simulation

The methodology commonly found in the literature for simulating functionalization of
silica materials consists of using an algorithm to replace a number of surface silanol groups
by organic moieties. A common procedure consists of adding to the surface only the
organic group (R-) in the silane molecule and not the whole hydrolyzed compound (R-SiO)
[42-44]. In that conventional approach, the additional silica group (—SiO) from the silane
molecule is taken into account in the pure silica model as an extra SiO, layer.
Consequently, this model gives better results for in situ modified materials than for the
postsynthesis functionalized ones [42]. For this reason, the procedure of grafting the
complete surface group (R-SiO) on the surface of the pure silica model material is taken in

this work [17].
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The driving force for functionalization with silanes was selected between impregnation of
nonhydrolyzed species (Fig. 3.2al,bl) and the surface reaction with hydrolyzed forms
(Fig. 3.2a2,b2). The particular driving force selected for generating the models drastically

depend on the concentration of surface silanols on the support.

Impregnation in microporous Zeolite Y

In a perfect zeolite crystal, the internal pore surface is electrically neutral, and no
silanols would be present. Hence, silane addition in this substrate would be considered as
an impregnation process and emulated by performing GCMC simulations of the adsorption

and desorption of nonhydrolyzed species.

Grafting on mesoporous silica gel

Silica gel materials are characterized by having a large number of reactive silanol
groups on the internal pore surface. Therefore, for these materials, it was assumed that
silane functionalization was primarily driven by surface reaction. The silane chains are
expected to react with the silanols tethering to the support instead of simply impregnating
the surface. This hybrid material was modeled by introducing silane groups to the
pregenerated model of silica gel and linking them to a certain number of silanols existing
on the surface. For comparison with experimental results, the values of grafting density
used to model the hybrid (0.4 and 0.6 mmol gfl for 1-SGyo s and 3-SGyg s samples,
respectively) were similar to those obtained experimentally under two different working
conditions (Tables 3.2 and 3.3). Each silane chain was built on the silica surface segment
by segment. The oxygen atom bonded to the silica gel surface was considered as the first
atom or segment in the chain (covalent grafting) after eliminating the H accompanying the
silanol group, whereas the second atom was the silicon bonded to the organic chain. The
silica material can be modeled as a rigid structure, but the adsorbed alkylsilane molecules
should have certain mobility in regard to the torsion and bending of the chains. The torsion
and bending angles in the surface groups were handled using a coupled-decoupled
configurational bias (CDCB) algorithm [45]. Additionally, a pregenerated Gaussian
distribution for the probabilities of generating the bending and torsion angles for the
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grafted molecules was used [46].The full details of the functionalization method can be

found elsewhere [17].

Table 3.3 Textural properties and silane grafting density for the experimental and modeled samples.

Silane S.[m’g"] V,[cm’g’] Vi lem’g™l Dy [nm] pg.n [mmolg?]

SGyo = 556 0.47 = 3.4

1-SG4 a2 460 0.41 = 3.6 0.41
3-SGyo a2 410 0.38 = 3.7 0.58
5-5Gyo b2 424 0.35 = 3.3 0.59
SGyo s = 475 0.44 = 3.7

1-SGyuq s a2 490 0.37 = 3.0 0.4
3-SGyo s a2 532 0.33 = 2.2 0.6
6-SGy0 502 a2 540 0.29 = 2.0 0.4
7-SGyo 502 @2 536 0.26 = 1.9 0.6
Y = 750 = 0.28 = =
4-7Y al 360 = 0.17 = 0.6
ZYs = 740 = Na = =
4-7Ys al 360 = Na = 0.59

N> adsorption simulations

N, adsorption was studied in the pregenerated model materials, both pristine and
hybridized with surface groups. Simulations were carried out using the Monte Carlo
method, equilibrating the adsorbent with a reservoir of N, and exchanging and moving
molecules in the grand canonical ensemble (GCMC). The adsorption isotherms were
calculated by simulating the average number of adsorbed N, molecules at different sets of
bulk pressure. The soft-SAFT equation of state was used to relate the pressure of the bulk
fluid to the chemical potential of the adsorbate [47, 48].

Once the equilibrium was reached, the amount of adsorbed molecules at this bulk pressure
was averaged over a number of GCMC trials. For each value of pressure, 2.0 x 10 trials

were used for equilibration and 1.4 x 107 steps for data collection. The adsorption
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simulations took into account that in the simulation cell, periodic in three dimensions, the
only rigid parts of the modeled hybrid material were the silica spheres. Conversely, the
adsorbed surface chains had one end positionally fixed to the silica surface, but bending
and torsion movements during the N, adsorption were allowed. The positions of the
different atoms of the silane chain were recalculated during the adsorbate equilibration
using the CDCB algorithm. Finally, the adsorbate molecules were allowed to displace to
new positions as well as to enter and leave the cell; this was simulated by the insertion and
deletion of fluid molecules. To avoid N, molecules being adsorbed inside the dense silica
skeleton, the insertion and deletion of fluid molecules was restricted to the open pore space
using a cavity bias [49]. In addition to the atomic and geometrical considerations for the
adsorption model, the intermolecular interactions among adsorbate molecules, silane
chains, and silica surface were input parameters in the simulation. Further information on
the N, adsorption simulations can be found elsewhere [17]. Information about the porosity,
the pore size distribution, the surface area, and the surface chemistry of pristine and

silanized materials is obtained from the adsorption data of the GCMC simulations.

Zeolite Y.

Silanol groups in crystalline zeolite Y are mostly present in the external surface as
terminal groups. Experimentally, some internal silanols have been noticed and are taken as
an indication of lattice defects. However, all together, the amount of silanols in 1-ZY

sample could be considered very small in comparison with amorphous SGyq.

The adsorptive impregnation of zeolite Y with octyltriethoxysilane was simulated by
GCMC. The maximum calculated loading was 0.59 mmol g ' (sample 4-ZYs), which is a
value equivalent to the one obtained experimentally (sample 4-72Y). The maximum
impregnation value was limited by sterical constrains related to the length and shape of the
silane molecule and the geometry of the pores and channels. The simulated and
experimental N, adsorption isotherms for the pristine and impregnated zeolite samples
(Figure 3.8a,b respectively) showed an excellent agreement. The main effect of silane
functionalization was the reduction of the pore volume and thus the zeolite adsorption

capacity.
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Figure 3.8 Results for ze olite Y: N2 adsorption isothe rms for the (a) pristine and (b) impregna ted
samples for the experimental (blue) and simulated materials (brown).

Silica gel
i) Pristine silica gel

The model of the pristine silica gel was constructed with dimensions consistent with the
structural properties of the mesoporous silica gel 40 (sample SG4 in Table 3.3). Owed to
the broad range of parameters involved when modeling the pristine amorphous silica gel, it
was necessary to impose restrictions on the solid phase by limiting the number of particles
in the simulation cell to two. The low number of s pheres used could a ffect the correct
reproduction of the randomness of the void space in the silica gel. Nevertheless, this was
required as a compromise between the CPU requirements for the simulation and a reliable
estimation of the generated pore space in the unit cell. The capability of the method to
accurately predict textural and adso rption properties was evaluated by com paring N,
adsorption isotherms at -196 °C for pristine and impregnated materials obtained by either
GCMC simulation or BET measurements. The validity of the silica gel model was first
verified by comparing the silanol densities in the experimental and simulated ma terials.
From the thermogravimetric measurement, a silanol density of 4.6 OH nm > was estimated
for sample S Gy4o, which matches the calculated value in the model of 4.5 OHnm ™ for

sample SGt. Experimental and computed adsorption isotherms of the pristine material are
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both of type IV (Figure 3.9a), exhibiting a well-pronounced stepwise character related to a

two-stage mesoporous behavior [50-52].
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Figure 3.9 Experimental and simulated adsorption isotherms of N2 on pristine silica gel at -296 °C
for: (a) whole and (b) enlarged low pressure range.

In these systems, the convex part, representing the region from capillary condensation
to pore filling (point D in Fig. 3.9a), is preceded by a concave wetting transition going
from an empty state to intermediate conditions characterized by layer-by-layer growth on
the pore walls. Th e simulation yieldedth e absolute adso rbed amountof N ,
straightforwardly correlated to the mesoporous volume inside of the cell because the model
did no t contemplate larg ¢ mesopores or the macroporous interparticle volume. Hence,
measured V , values for the supercritically prepared samples were used for co mparison
with the model. The S, (Table 3.3) of model materials was calculated from the simulated
adsorption isotherm applying the BET equation. The point at which pore filling occurs is
controlled by the accessib le po rosity, the pore geo metry, the pore netwo rking, and the
tortuosity. In the studied systems, the total adsorbed amount at P/P, = 1 was higher for the
synthesized material than for the simulated one (Fig. 3.9a). Moreover, the position of total
pore filling (point D in Fig. 3.9a) occurred at lower pressure in the simulation (P/Py ca. 0.6)
than in the experiment (P/P, ca. 0.8). Both facts indicate smaller pore size and total pore
volume for the model (sample SGy s) with respect to the pristine material (sample SG),
as re flected in the textural data (Table 3 .3). This finding is on account of the practical
limits of the sim ulation cell size, which did not allow the acc urate repli cation of the

complete pore size distribution (large pores). Howe ver, at P/P , = 0. 6, similar adsorbed
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amounts were found for the experimental and simulated isotherms. Therefore, to facilitate
comparison, the adsorption at relative pressures higher than 0.6 will not be considered in
further discussion, since the extra-adsorption at P/Py, > 0.6 observed for the experimental
material and related to that occurring in large mesopore and macropore voids could not be
represented by the model material. The microscopic details of the silica should be reflected
mostly in the low-pressure range (P/Py < 0.1) because adsorption in this region is
determined by preferred adsorption sites. In mesoporous materials, the initial concave part
of the adsorption isotherm is attributed to monolayer formation. Point B in Figure 3.9a is
taken to indicate the stage at which monolayer coverage is completed and multilayer
adsorption is about to begin. Figure 3.9b shows in more detail the low-pressure range of
the isotherms. In this pressure region, the agreement between simulation and experimental
data for adsorption on the pristine material was excellent. Still, the amount of adsorbed N,
was slightly larger in the experimental sample than in the simulated one, which can be
corrected by applying to the simulation isotherm a scaling factor (¢) [42, 53] based on the
estimated porosity values for the experiment and the model (¢ = 0.47/0.44 in Table 3.3).
Thereafter, the validated model of simulated silica gel can be expanded to study

functionalization by considering the grafting of the silane chains inside the material.

ii) Functionalized Silica Gel

The amount of octysilanetriol (Fig. 3.2a2) grafted on the surface of silica gel 40
following the supercritical procedure is shown in table 3.3. The calculated amounts of
octyltrisilanol that reacted with the substrate at two different experimental pressures were
0.42 and 0.57 mmol g for the samples 1-SG4o and 3-SGyo, respectively (Table 3.3 and 3.2
for experimental conditions). Experimental observations indicate that the highly reactive
surface of amorphous silica gel might assist the formation of covalently bonded silanes, as
surface reaction is the primary driving force for absorption versus impregnation. Moreover,
the mesoporous space allows for the self-condensation reaction between adjacent silanols.
Even though the steps of the experimental silanization process are well known, the
complexity of the reaction makes it necessary to simplify the chemistry employed to model
the functionalization. The most used generalization consists of not taking into account the
formation of siloxane bridges between neighboring silane chains [42-44, 54]. This
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assumption was also employed in this work. The hybrid simulated material was generated
starting from the O atom covalently bonded to the silica surface, whereas the second atom
was the Si bonded to the organic chain, which was added segment by segment. The
molecules were always required to react in a monodentate covalent configuration with the
surface and never with neighboring silane molecules. The designed algorithm is expected
to allow analyzing and understanding simultaneously the surface of silica functionalized
with both tri- and monoalkoxysilanes. Actually, monodentate bonding is the expected
natural experimental behavior for trialkylmonoalkoxysilane molecules with a single
hydrolyzable group (Figure 3.2bl). After hydrolysis, octyldimethylmethoxysilane
generates the form b2, which reacts with the hydroxylated surface (#SiR,—O— Si). For ease
of comparison, a silanized 5-SGyy sample was prepared in the laboratory with a
monoalkoxysilane, containing a grafting density of 0.59 estimated by TGA (Table 3.3).
The adsorption isotherms of silica gel samples functionalized with silanes, measured for
the synthesized products (a2 or b2) and calculated with GCMC for the simulated materials
(a2), reflected many properties of the porous hybrid materials. The available space for N,
adsorption, measured as the V,,, diminished with functionalization for all studied materials
(Table 3.3). The reduction of mesopore volume was similar for the experimental (Fig.

3.10a) and model (Fig. 3.10b) materials.
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Figure 3.10 Experimental and simulated adsorption isotherms of N, on functionalized silica gel at -196
°C for: (a) experimental materials, (b) modeled m aterials, and expe rimental and sim ulated m aterials
loaded with (¢) 0.4 mmol g—1 and (d) 0.6 mmol g—1 in the enlarged low-pressure range.

The V, was reduced with respect to pristine silica gel in ca. 16% by functionalizing
with ca. 0.4 mmol g of silane, whereas a decrease of ca. 25% was estimated for deposited
silane concentrations of ca. 0.6 mmol g “! Hence, the m odel was able to accurately
simulate the reduction in the mesopores adsorption capacity due to the increasing void
space occup ied by hy drolyzed silane as the concentration increased. Conversely, the
simulation slightly overpredicts the adsorption in the low-pressure region (Figure 3.10c¢,d
for 0.4 and 0.6 mmol g~ functionalization, respectively), which is the opposite behavior to
that ob served for the pristine ma terials (Fig ure 3.9b). For trialkoxysilanes, th e
overprediction lik ely reflects th e absence of horizontal self -assembly i n the sim ulated
product, the importance of which increases with the functionalization degree. Whereas in

the simulation the microvoids created among the randomly distributed chains can act as
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strong adsorption sites ( Figure 3.11a2), the chai ns in the ex perimental material ar e

horizontally self-assembled, leading to a more compact packing (Figure 3.11al).

Figure 3.11. Schematic representation of the different functionalization possibilities
for species: (a) al and (b) bl from Fig.3.2.

Significant differences between the chemisorbed monoalkoxyde and the model were
also observed (Figure 3.10d). T hestructu ral monodentate absorption oft he
octyldmethylsilanol (Figure 3.2b2) could be considered to be similar to that adopted in the
model (Figure 3.11b3 and a2, respectively). However, the oct yldimethylsilanol exposes
lateral methyl gr oups (CH;3) among chains, which shield the polar surface of the metal
oxide. Therefore, the methyl groups act as a structural barrier that prevents N, molecules
interaction with the surface (Figure 3.11b3), resulting in low adsorption values in the low

pressure range [34, 55]. The lateral silanol moieties present in the model likely acted as
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stronger adsorption sites than the CH; in the monoalkoxide. The macroscopic
consequences found from this analysis were similar values of pore volume for both
experimental and simulated materials but significant differences in the surface area (Table
3.3). The BET surface area decreased after silane adsorption for laboratory obtained
samples and slightly increased for modeled compounds, indicating a large proportion of
micropores in the simulated model. Geometrically the smallest pores have little
contribution to the pore volume but a large contribution to the surface area. The extra
micropores could be generated in the simulated material after functionalization of the
mesopores. The reduction in the mean pore size was significant only for the simulated
materials. In a different approach, and following the work of Schumacher et al. [42, 56] the
order in the —Si—O-Si-O- horizontal polymerization observed experimentally for
trialkoxysilanes was simulated by adding an extra layer of SiO, to the silica primary
particles model, then building on the silica surface only the organic chain of the silane
molecule. To compare both models, we calculated a new set of simulations, generating an
additional amorphous silica gel model with the configuration of SGyo s but with a radius
0.2 nm higher (the van der Waals radius of silicon and oxygen is 0.038 and 0.152 nm,
respectively) than the original one. The alkyl chains were grafted in concentrations of
either 0.4 or 0.6 mmol gf1 (samples 6-SGup 0> and 7-SGyg o2, respectively) to the
generated spheres of 3.7 nm radius. Schematic representations of the experimental and 0.2
nm model used are shown in Fig. 3.12a,b, respectively. For these samples, the reduction in
adsorption capacity with respect to sample 1-SGy4y s was on the order of 33 and 38% for
concentrations of silane chains of 0.4 and 0.6 mmol g', respectively (Fig. 3.12c.d,
respectively). These percentages are not comparable to the reductions observed in the
experimental materials, which were on the order of 15 and 25% for samples 1-SGy and 3-
SGy, respectively. Hence, the macroscopic adsorption behavior at different
functionalization degrees was not accurately described by the silica gel model with a larger
radius of the spheres. Using the approach of increasing the silica radius sphere in 0.2 nm, it
was considered that the functionalized hybrid was constituted by a continuous film of
—Si—0-Si-O- around all primary spheres (Figure 3.12b). Therefore, the accuracy of the
results obtained using this approach would be higher for systems with high degrees of

functionalization, that is, near a monolayer. Note that at grafting densities of 0.4 mmol g,
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the dev iation between macroscopic adsorption values ofth e experimental and th e
simulated material was on the order of 55 % (compare samples 1-SGyy with 6-SGyg s0.2),
whereas this value was reduced to 35 % by increasing the functionalization degree to 0.6
mmol gf1 (compare samples 3-SGy4p with 7-SGyq s0). In contrast, the deviation was lower
than 10 % for samples where eac h silane molecule was grafted entirely to the s ilane
surface (compare samples 1-SGy with 1-SGy sand 3-SGy4 with 3-SGy s). The model with
the larger spherical particle radiu s had less void volume and a smaller pore diameter

entering the region of micropore (D, in Table 3.3).
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Figure 3.12 Schematic models used in samples: (a) 1 -SGT and 3 -SGT and (b) 6-SGrg, and 6 -SGry .
Experimental and simulated adsorption isotherms of N, on silica gel at -196 °C for samples functionalized
with (¢) 0.4 mmol g ' and (d) 0.6 mmol g ' of silane (species C in Figure 3.2).

3.3.2 Aminosilane

In a second approach an aminosilane containing a secundary amino group was used to
functionalize the silica surface of the poro  us substrates. 3-
(Methylamino)propyltrimethoxysilane (MAP) (Fig. 3.13a), from Sigma—Aldrich, with a

boiling po int of 106° C, w asused as the graftingsolu te. A si milar aminosilane,
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aminopropylmethoxysilane (AP), with a primary amine was used for the simulations since
more literature data is available for this system than for MAP. However, both compounds
AP and MAP present almost an equivalent CO, adsorption capacity and efficiency, thus
the results being comparable [57].

-

095 e
®n Qo
& H

Figure 3.13. 3D conformation of aminosilanes MAP (a) and AP (b) used in this work
obtained using HyperChem 8.03.

The use of the supercritical method for silanization requires an appreciable solubility of
the solute molecules in scCO; to get them into the pores of the substrate. For alkylsilanes,
the op erating pressure and temperature determined the solute mole fraction in the fluid
phase. Similar beh avior is exp ected for the aminosilane, although for pri mary an d
secondary aminoalkylsilanes, an additional drawback is the formation of carbamate species
with CO, giving place to an insoluble waxy solid. The reaction of CO, with primary and
secondary amines is usually described by th e zwitterion mechanism [58] (reaction la in
Fig. 3.14). For the monoamine in an anhydrous environment, the z witterion undergoes
deprotonation by another amine molecule (reaction 1b), thereby resultin g in carbamate
formation. For the monoamine MAP, two amine molecules were thus needed to bind one
molecule of CO,. The carbamation is a reversible process for the studied amine and free
aminosilane in solution can be obtained by selecting the appropriate conditions. In contrast
to alk ylsilanes, for this se condary alk ylaminosilane, th e solubility in scCO, cannot be
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reported, since during the experimental determination it reacts with CO,. Hence only the

qualitative behavior of MAP with temperature and pressure in scCO, could be ascertained.

10 Mpa, 602C
P —

10 Mpa, 1202C

—_

AEAP

H
Figure 3.14 Reaction of the ptermediafg andythe earbgmate formatign betweggn+thgoggcondary
al?('ylaminoglnane WEAP and CO,. Images captuyed frogn the highZiressure reactor window are shown as
a function of temperature: (a) 120 °C, and (b) 60 °C . The observed interphase formed between the
liquid MAP (a) or the waxy carbamate (b) and the scCO,, since a large solute excess was added to the
view cell to facilitate examen.

co,

H

3.3.2.1 Behavior of the aminosilane in compressed CO,

The behavior of MAP under scCO, was studied using the phase equilibrium analyzer
(Thar Technologies Inc.). The procedure began by introducing compressed CO, (6 MPa)
from the supply cylinder into the view cell previously heated at 45 °C, which contained 1
mL of the aminosilane. The cell was then slowly heated to temperatures higher than 135
°C. The pressure inside the solubility cell was kept constant in the range 7.5-9.0 MPa,
either by pumping more CO, or by relaxing gas excess. Phase transitions occurring with
temperature were visually determined in a video output by observing the phase conditions

in the cell with stirring.

A white waxy solid was initially formed with the addition of pressurized CO,
corresponding to carbamate formation (Fig. 3.14b at 60 °C). Liquid amine was again
visible when the temperature reached a value higher than 100 °C (Fig. 3.14a, MAP at 120
°C). Minimum working temperature was selected as 100 °C. The release of CO, was
hindered from MAP when the pressure of CO, was increased, since reactions la in
Fig.3.14 were shifted to the right. Hence, experiments were mainly performed at relatively

low pressures (7.5 and 9 MPa), close to the critical pressure of CO,.
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3.3.2.2 Functionalization procedure

For trifunctional aminosilanes (NRSi(OR’);), comparedto t heir monofunctional
analogs (NRSiR”,0R’), the possibility of bidentate covalent bonding and lateral
condensation by crosslinking with vicinal silane molecules enhances the thermal stability
of the grafted coatings. Hence, a trifunctional aminosilane was cho sen in this work to
synthesize the CO, adsorbents seeking relatively high temperature industrial applications.
Trialkoxyaminosilanes are highly reactive and can polymerize in the bulk, being the extent
of precursor oligomerization strongly affected by the presence of water. Therefore, solute
and substrate were submitted to a drying treatment under vacuum previous to supercritical

silanization.

The functionalization with MAP was performed on the 100 mL autoclave from Autoclave
Engineers following a similar procedure to the one performed using alkylsilanes. Figure
3.15 illustrates the functionalization process. Prior to the addition of compressed CO, into
the reactor, a moderate vacuum with the two stage oil rotatory vacuum pump (Ed wards,
E2MO0.7, 3- 10~ Mbar) was applied for 20 min to eliminate water from the system. In some
of the experiments, a cosolvent chosen from methanol (Me), ethanol (Et) or diethyl ether
(Eth) in a percentage of 2 - 5 v% of was added to the autoclave before CO; injection. 300
min was selected as the running time, keeping the stirring rate at 300 rpm. At the end of

each experiment, the reactor was depressurized and led to cool to room temperature.

0, au

o Rrminosilane

Figure 3.15. Schematic representation of the functionalization using aminosilane. The
cartridge containing the porous matrix is placed in the upper part and liquid aminosilane is
deposited at the bottom of the vessel.
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Experimental conditions of each run are shown in Table 3.4, together with some products

characteristics. Samples are labeled as x-MAP@substrate being x the sample number.

Table 3.4 Supercritical operating conditions and some obtained results: TGA estimated amount of deposited
aminosilane, both total (pgs) in the 100-600 °C temperature interval and calculated at temperatures higher than
250 °C (pgraf=250°c)» and aminosilane surface density (Pmgrafi=250 °c), BET surface area (S,) and BJH pore volume

Sample T P Cosolv Peraft Peraft Pmgraft Sa PV

>250 °C >250 °C

[°C] [MPa] | [%v] [mmol g [molec nm™]
1-MAP@CC 100 7.5 - 0.66 0.61 0.8 351 0.87
2-MAP@CC 100 9.0 = 0.83 0.79 1.1 342 0.86
3-MAP@CC 135 7.5 = 2.31 224 3.1 166 0.39
4-MAP@CC 135 9.0 - 237 2.30 3.2 142 0.37
5-MAP@CC 135 9.0 Mt2%  2.56 2.46 3.4 170 0.41
6-MAP@CC 135 9.0 Mt5%  3.24 3.14 43 117 0.26
1-MAP@SGyo 100 7.5 - 0.54 0.52 0.5 530 0.47
2-MAP@SGyo 100 9.0 - 0.53 0.51 0.5 555 0.48
3-MAP@SGuo 135 7.5 = 0.52 0.50 0.5 549 0.48
4-MAP@SGuo 135 9.0 = 0.53 0.51 0.5 532 0.47
1-MAP@MCM41 100 7.5 - 0.41 0.38 0.2 916 0.78
2-MAP@MCM41 100 9.0 - 0.48 0.43 0.2 902 0.77
3-MAP@MCM41 135 7.5 - 0.71 0.68 0.4 866 0.72
4-MAP@MCM41 135 9.0 - 0.88 0.82 0.4 858 0.74
5-MAP@MCM41 135 9.0 Mt2% 1.03 1.02 0.5 837 0.73
6-MAP@MCM41 135 9.0 Mt3%  4.17 4.05 22 99 0.03
4.14%
7-MAP@MCM41 135 9.0 Mt5%  4.29 4.12 22 116 0.10
3.80%
8-MAP@MCM41 135 9.0 Eth2% 1.56 1.51 0.8 457 0.40
9-MAP@MCM41 135 9.0 Eth3% 2.55 242 13 409 0.35
10-MAP@MCM41 135 9.0 Eth5% 5.59 5.39 29 10 0.01
11-MAP@MCM41 135 9.0 E2%  2.08 2.02 1.1 681 0.57
12-MAP@MCM41 135 9.0 Et3%  2.94 2.83 1.5 554 0.47
13-MAP@MCM41 135 9.0 Et5%  4.53 4.46 2.4 23 0.03
4.50%
1-MAP@ZY 100 9.0 - 0.81 = 0.7 374 0.17
2-MAP@ZY 135 9.0 - 0.76 = 0.6 371 0.17

(Py).
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3.3.2.3 Infrared characterization

Fig. 3.16a shows the FTIR spectra of the studied MAP raw aminosilane and its
respective carbamate c-MAP, obtained as a residue at the bottom of the reactor after the
supercritical processing (9 MPa and 100 °C). Relevant infrared bands were assigned
following data compilation published by Bacsik et al. [59] on amine-modified silica
contacted with CO,. For the raw aminosilane (Fig. 3.16a), the bands corresponding to the
CH; and/or CH, bending vibrations were detected in the range 3000-2750 cm_l, and the
characteristic peaks corresponding to —~NH functional group at 1440 and 1458 cm™'. For
the precipitated carbamate, the band corresponding to N—C stretching was more visible
than in the amine and appeared at 1540 cm™' for the monoamine. Carbamate formation was
evidenced by the turn up of the band corresponding to C=0 stretching (hydrogen bonded)
in the range 17001640 cm™' (1645 and 1670 cm™") and the bands corresponding to COO~
symmetric stretching at 1433 and 1380 cm™' (only band at 1384 cm™' was visible in the
recorded spectra). CO bands were difficult to determine in the c-MAP as only 0.5 CO,
molecules can be attached to each monoamine. Fig. 3.16b shows some spectra of the as-
recovered hybrid products, in which the development of the carbamate, as the main grafted
specie, during system depressurization and cooling was expected. Ordered MCM-41 and
disordered CC mesoporous silica are shown as examples. The two intense absorption
bands at 3450 and 1640 cm—1 were assigned, respectively, to stretching and deformation
vibrations of adsorbed water molecules. The presence of c-MAP in the prepared samples
was confirmed by the occurrence of the three characteristic bands of the alkane part (CHs,
CH,) of the aminosilane molecule, appearing in the interval 2955-2810 cm™'. N—C and —
NH bands appeared at 1550 and 1480 cm ', respectively. The band emerging in the range
1380-1390 cm™' was assigned to COO~ symmetric vibration. Significant C=0O stretching
vibration band in C-MAP at ca. 1650 cm ' could not be observed in the hybrid materials,

since it was overlapped by the water band of the matrix.
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Figure 3.16. FTIR spectra of: (a) raw aminosilanes and precipitated carbamates, and (b) modified CC
and MCM41 ma trixes, where the vertical lines indi cate CH3/ CH2 groups in the 2955 -2810 cm—1
range, COO— at 1385 cm—1, and N—C and —NH at 1550 and 1480 cm—1, respectively.

3.3.2.. Thermal analysis and grafting density

Raw MAP aminosilane and its correspo ndent carbamate,c-MAP, obtained as a residue
at the bottom of th e reactor, were studied by thermogravimetric analy sis. Raw MAP
evaporates or decomposes for the most part before 150 °C (Fig. 3.17a). MAP and c-MAP,
showed a similar TGA curves, indicating the low thermal stability of the carbamate. Under
TGA experimental conditions, c- MAP lost the CO, at temperatures of 70-80 °C or even
lower and acted th en as MAP inthe TGA pr ofile. Representative thermogravimetric
weight lo ss curves for the hybrid materials under study are shown in Fig. 3.17b. The
different weight decay tendencies assigned from the TGA profiles of mesoporous amino
loaded samples are shown in Table 3.4, together with the corresponding molecular weight.
Samples 6, 7 and 13 -MAP@MCM41 were also ch aracterized re garding composition by
elemental analysis (Table 3.4). The values of the total deposited amount (pgr.s) ob tained
from ele mental analysis (%wt of N) were consistent with the data estimated by TGA,
indicating the validity of the selected intervals of temperature used to calculate the weight
loss of the different species (100, 250 and 650 °C for sorbed water/CO, and impregnated
and grafted aminosilane, respectively). The high hydroxyl surface density of the studied
mesoporous sub strates promotes th e ¢ hemisorption of aminosilane species as occurring
with alkylsilanes. These compounds lost most of the deposited aminosilane at temperatures
higher than 300-350 °C (Fig. 3.17b) indicating the high thermal stability of the prepared
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hybrid sorb ents. The stable gr afted a mine was considered, similar to the cas e of
alkysilanes, as the amount resulting by estimating the amine density at temperatures higher

than 250 °C (Table 3.4, pga> 250 °C), corresponded to the majority (>90 wt%) ofthe

deposited silane.
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Figure 3.17 Recorded thermogravimetric profiles for: (a) raw MAP and its carbamate
c-MAP, (b) selected treated samples with MAP and derivative curves d[sample].

Comparing samples 4 -MAP@CC and 11 -MAP@MCM41 (Table 3.4) with a similar
grafting density (ca. 2 mmol g "), the derivatives of the weight loss curves (Fig. 3.17b)
indicated a higher thermal stability for the aminosilane molecules grafted on CC than on
MCM-41. As loadings are similar, the reason for this difference has been primarily related

to the high grafting density per unit of surface area obtained for 4-MAP@CC sample (ca. 3
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molec n m %) with respect to 11 -MAP@MCM41 sample (ca. 1 molec nm 2). For bo th
studied mesoporous substrates, it is expected that the principal reaction occurs between the
surface silanols on the silica and the alkoxy portion of the aminosilane molecule (not the
amine). For the low surface grafting density estimated in the MCM-41 substrate, a high
proportion of isolated grafted amines and surface silanol complexed amines are expected
to take pl ace (Fig. 3.18a). Increasing the surface grafting density, as occurs inthe CC
substrate, the pendant amines cou ld grou p together close eno ugh to interact with th eir
nearest neighbor by cross-linking through both side-silanols and side-amine functionalities
(Fig. 3.18b). Additionally, the larger mesoporous space in CC compared to the narrower
pore structure of MCM-41 could facilitate the siloxane self-condensation reaction between
adjacent silanols, and th e highly hydroxy lated surface as sisted the chemisorption, thus

resulting in highly stable and dense self-assembled monolayers.

al 11-MAPEMCM-41: low MAP density b) 4-MAP@MCM-41: high MAP density
(1 molec nm-2) (3 molec nm-2)

Figure 3.18. Schematic representation o f potential aminosilane configurations grafted on amorphous
silica surfaces: (a) one-dimensional channels in MCM-41, and (b) primary silica particles in disordered
mesoporous silica gel CC.

The a minosilica samples prepared inth is work using the S CF technology have
increased th ermal stability co mpared to results obtained by other auth ors us ing similar
trialkoxyaminosilane molecules and mostly the sorbent MCM-41 [2], and the two weight
drops corresponding to physi- and chemisorbed aminosilane were almost not observed in
the TGA profiles (Fig. 3.17b), bein g practically all a minosilane stron gly bond ed to the
surface. Conversely, it has been stated that deposition from toluene solutions often leads to

the formation of low-quality films because of the difficulty in controlling the amount of
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water in the solvent mixture [38]. An overabundance of water produces an uncontrolled
polymerization in the solvent phase and the deposition of condensed polysiloxanes,
resulting in materials with high loading, but with an irreproducible configuration of
amines. Contrarily, in a system with water deficiency, condensation with substrate
hydroxyls has to be self-catalyzed by the amino moieties resulting in low loading and
disordered assemblies. In the anhydrous supercritical method used in this work, only water
physically adsorbed on the support pore walls was added to the system. However, the used
silica supports adsorbed a considerable amount of water in the order of 4-8 %wt. Hence,
previous to silanization, substrates were partially dehydrated at 100 °C under vacuum with
the purpose of reducing the amount of physisorbed water and the risk of amine solution
polymerization. Because the solubility of water in scCO; is low, during the silanization
reaction, a reasonable number of water molecules were expected to remain associated with
the substrate surface rather than free in the bulk of the solution. Hence, the hydrolysis
reaction, in which water reacts with the alkoxysilane (NRSi(OR’);) to form the
alkoxysilanol (NRSi(OH);), was expected to predominate near the substrate surface and
not in the solution bulk, which limited the aminosilane molecules to primarily react at the
substrate surface allowing for an homogeneous surface coverage. As the temperature was
increased to 100-135 °C, some water molecules were likely able to desorb and to enter the
solvent phase leading to alkoxyaminosilane hydrolysis and condensation in the bulk.
However, the solubility of aminosiloxane dimmers and oligomers in CO, was expected to
be much lower as compared to that of single precursor molecules of aminosilane and
would not participate in the silanization reaction. For the microporous substrate ZY, a
continuous decay in the range 100-450 °C was observed in the thermograph curve (Fig.
3.17b). For the zeolite Y chemisorption was not feasible due to the lack of a significant
amount of internal hydroxyl groups. Moreover, for the narrow micropores cross-linking
was sterically hindered due to the lack of space, which resulted in the fact that most of the
weight loss (ca. 70 w%) occurred in the low temperature range (< 250 °C). Hence, all
deposited amount was considered as physisorbed and the loading was estimated from the

weight loss in the interval 150-500 °C.
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3.3.2.5 Influence of processing parameters on the aminosilane uptake

In Fig. 3.19a, the obtained loading values are represented, expressed as mmol of N
grafted per unit weight of dry support (T > 250 °C, Table 3.4). For SGy, the loaded
amounts of MAP were similar to those previously obtained with alkylsilanes (ca. 0.5 mmol
g corresponding to a surface grafting density of ca. 0.5 molec nm ) and, under working
conditions, independent of the experimental pressure or temperature. The MAP loaded
amount for crystalline ZY substrate was in the order of 0.8 mmol g, and again similar to
that obtained using alkylsilanes as a solute (table 3.4) [60]. In absence of a cosolvent,
MAP@MCM41 samples had grafting densities in the order of 0.4—0.8 mmol g ', which are
values substantially lower than the ones presented by other authors using the liquid toluene
processing method (1.5-2 mmol g') [2, 61, 62]. Under working conditions, the low
grafting density attained for MCM-41 samples was related to diffusion limitations. On one
side, this mesoporous material does not possess interconnected channels, but has a
hexagonal array of 4 nm pores arranged as one-dimensional parallel channels (Fig. 3.1).
On the other side, it should be considered that primary and secondary amines are rather
polar and pure scCO, is not sufficiently strong as a solvent in this case. Hence, at the low
driving force for diffusion provided by the low concentration of solute in the CO, phase, it
was concluded that modification of this substrate via 300 min of supercritical silanization
was limited by intraparticle diffusion of the aminosilane. Certainly, under similar
experimental conditions, the silica gel CC substrate with an interconnected network of
large mesopores (9 nm) showed the highest loading values (2.3 mmol g '), indicating

lower diffusion restrictions than in MCM-41.

For all the MAP@substrate studied samples, the loading was not affected by the
pressure when increased from 7.5 to 9 MPa (Fig. 3.19a). An increase of the CO, pressure
favored the acid-base reaction between the amine and CO, (reaction 1a sifted to the right in
Fig. 3.14), and, consequently, the availability of the reactant amine in solutions was
reduced. In contrast, by increasing the pressure at constant temperature, the CO, density
increased together with the solubility of the free amine in scCO,. These two opposite
effects generated by the increase of pressure led to not significant consequences in the

estimated grafting density values. A priori, the carbamate/amine ratio is expected to be
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mainly dependent on temperature [63], since the formation of carbamate is reversible by
heating. In the same way, the temperature was the main parameter affecting the loading
values (Fig. 3.19a). This effect could be clearly noticed in MAP@CC samples, in which by
rising the temperature from 100 to 135 °C the loading was increased by a factor of ca. 3.5.
Although less important, the influence of temperature was also appreciable in
MAP@MCM41 samples. The addition of a small amount of a cosolvent to scCO,
improves the solubility of polar species in the supercritical fluid. Therefore, 2—5 %v of
protic cosolvents, Et and Me, and the non-protic Eth were utilized in an attempt of
increasing the solubility of the aminosilane MAP in the supercritical solvent, and, thus, the
impregnation efficiency of mesoporous MCM-41 and CC substrates. The use of a
cosolvent significantly increased aminosilane loading with respect to the values obtained in
pure CO, (Fig. 3.19b). In this case, the strongest cosolvent effect was noticed for the
MAP@MCM41 samples, where loadings as high as 3.5 mmol g~' were reached (Table

3.4). Similar effects were obtained with the three studied cosolvents.
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Figure 3.19 Loading, expr essed as mmol of incorporated nitrogen per unit weight of

substrate, as a function of exp erimental conditions: (a) pressure and temperature, and (b)
solvent composition.

3.3.2.6 Textural properties

Figure 3 .20 shows th e N, adsorption/desorption isotherms of the raw mesoporous
adsorbents compared to the respective aminosilanized samples. For the mesoporous SG,
CC and MCM-41 (Fig. 3.20a,b,c) bare materials, the generated isotherms were distributed
into the type IV. CC and S G4y matrices displayed a H2 hysteresis loop, corresponding to

mesoporous sy stems with not well-defined distribution of pore size and s hape. Th e
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unmodified MCM -41 exh ibited a sharp step of capillary con densation in pr imary
mesopores at the relative pressure of ca. 0.5, indicating a narrow pore size distribution of

the material.
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Figure 3.20 Recorded isotherms for pristine and treated mesoporous samples: (a) SG40, (b) CC and (¢) MCM-
41.

7Y adsorbent (Fig. 3.21) had a type I isotherm, indicative of microporosity. The BET

surface area and pore volume of the raw and modified substrates are given in Table 3.4.
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Figure 3.21 Isotherms for pristine and modified ZY.

For the studied supports, the surface area and pore volume decreased after modification

[62] as a function of the grafting density, as it is represented in Fig. 3.22 for the P,.
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Figure 3.22 Influence of the grafting density in the percentage of available open
pore volume for the four diff erent studied substrates. Lines in CC and MCM-41
are tendency lines.
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The microporous zeolite, with loadings in the order of 0.6-0.7 molec nm 2, lost ca. 50
% of the micropore volume after silanization. For SGuo, the grafting density was relatively
low, in the order of 0.5 molec nm 2 and, consequently, the pore volume only diminished in
a 15% with respect to bare SG4y. A similar decrease in P, was observed for CC samples
loaded up to ca. 1 molec nm®. Loadings of 3—4 molec nm ™~ led to a decrease in the void
space of CC samples of 60-70%, but the overall shape of the adsorption isotherms
remained unchanged, indicating capillary condensation in mesopores (Fig. 3.20b). For
MCM-41 matrixes, grafting densities in the order of 1-1.5 molec nm > decreased the
available pore volume in ca. 50% while the hysteresis disappeared from the isotherm (Fig.
3.20c). Increasing the loading to 2-3 molec nm > implied a total drop off in sample pore
volume, attributed to pore blocking at least for N, adsorption. Comparing mesoporous
MCM-41 (4 nm pore diameter) and CC (9 nm pore diameter) samples at a similar loading
(ca. 3 molec nm ™, samples 3-MAP@CC and 10-MAP@MCM41), accessible pore volume
was only noticed for the 3-MAP@CC sample. For mesoporous materials, surface densities
of 3 molec nm > corresponded to values close to monolayer surface coverage. It was
reasoned that mesoporous materials with large pore opening are more adequate to
accommodate a monolayer of packed monoamine on the intrachannel surface, even if they
have less total surface area for grafting. For the 4 nm pore diameter MCM-41, the absolute
value of the slope of the tendency line indicating the decrease of the P, with the loading
was higher (35) than the value estimated for the tendency line in the 9 nm pore diameter
CC (20), indicating that the pores were more easily blocked in the MCM-41 silica (Fig.
3.22).

3.3.2.7 Molecular simulation

3-aminopropylsilane (AP), with a terminal primary amine (-NH,) (Fig. 3.13b,
respectively) was used for the simulations. The option of grafting the complete hydrolyzed
molecule (NH,(CH,);Si(OH),0-) [17] was preferred against the more common choice of
adding only the organic part (NH,(CH,);-) [64]. The surface chemistry in the model was
simplified by considering that all the functionalized chains are covalently tethered to the
surface in a monodentate manner and that siloxane bridges are not formed between
neighboring chains. The surface AP groups were introduced to the silica models by
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randomly replacing a fixed amount of silanols by the first oxygen of the AP molecules, and
then growing the rest of the AP molecule using a configurational bias algorithm [17]. For
the MCM-41 model, amine loading concentrations of 1.0 and 2.0 mmol/g were studied. For
the SG4 model, the support tolerated a maximum amine concentration of 0.5 mmol/g. This
amine concentration was similar to the one obtained for experimental materials based on
SGyo (sample 4-MAP@SGy). Similar reasons to the functionalization using alkylsilanes
are found for the apparently low values for the maximum amine concentration in the silica
gel. Table 3.5 shows the textural properties of the raw and aminosilanized samples,

obtained from analysis of the N, adsorption isotherms.

Table 3.5 Adsorption properties of the experimental samples and model materials. Amine
loading, expressed as mmol of amine per gram of dry substrate (pgrn), pore diameter (Py), pore
volume (P,) and surface area (S,).

S

Sample Peraft P a
[m* ']

[mmol g'] [em’g’]

MCM41 - 1.02 1137
5-MAP@MCM41 1.03 0.80 841
11-MAP@MCM41 2.08 0.40 411
MCM41g - 0.81 1134
5-AP@MCM41g 1.0 0.67 961
11-AP@MCM414 2.0 0.47 573
SGyo - 0.54 563
4-MAP@SGuyo 0.53 0.54 538
SGyp s - 0.40 479
4-AP@SGy s 0.5 0.37 395

MCM-41

The N, adsorption isotherms obtained experimentally were compared to the predictions
obtained by GCMC simulations. This comparison of the experimental and simulated

adsorption isotherms for MCM-41 is shown in Figure 3.23a.

For the raw support, the shape of the isotherm was the same in the experimental and

simulated materials, indicating mesoporosity in both cases. However, the accessible
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volume of the experimental material was to some extent larger than that of the model. This
underestimation in the simulated value was caused by a slightly smaller pore size in the
MCM-41 model than in the experimental material (Table 3.5). This smaller pore size of the
model with respect to the exp erimental material was reflected in the filling point. This
point was found ata lower rel ative pressure for the model than for the e xperimental
materials. However, it was consistent for bo th sim ulations and e xperiments, for all th e
samples, the higher the amount of loaded amine, the lower the relative pressure where this

point appeared.
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Figure 3.23 N, adsorption isot herms for synthesized and modeled MCM -41(a) and SGyy (b)
samples. Symbols correspond to simulations while dashed lines to experimental isotherms. In (a)
black color correspond to MCM-41 bare substrate, green to 5-MAP@MCM41 and 5-AP@MCM41,
and blue to 11-MAP@MCM41 and 11-AP@MCM41. In (b) black color corresopnd to SGyo and
SGy g bare substrate and blue to 4-MAP@SG4 and 4-AP@SGy s.

Figure 3.23a shows that after functionalization with ca. 1 mmol g of aminosilane the
reduction in the N, adsorption capacity for the model and the experimental materials was
similar. At 50 kPa, the N, adsorption for both MCM41 and MCM4 15, functionalized with
1 mmol g, was reduced in ca. 25 %. However, a decrease of ca. 55% and 65 % was
estimated for dep osited am inosilane concentrations of ca. 2 mmol g insamples 11-
MAP@MCM41 and 11-AP@MCM41s, respectively. This differe nceis an artifact
resulting of the low temperature of the measurements, in Mo nte Carlo simulations the
molecules are adsorbed in the available pore space without considering the trajectory, thus

pore blocking and diffusion problems are not present in this kind of simulations. At -196
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°C the grafted chains are in a solid state, therefore experimental blockage and diffusion
problems are expected to occur and these experimental issues are highlighted in the
materials with the highest amine loading. Thus the material with a higher loading of
functionalized chains shows a larger influence of blocking and diffusion on the results.

Nevertheless, the MCM-41 models employed in this work accurately reproduce the
adsorption behavior of the experimental materials and can be used to analyze and aid in the

characterization of these mesoporous hybrid supports.

Silica gel

For the silica gel materials, the smaller pore size of bare silica gel in the model SGy s
with respect to the experimental material SGyy, is reflected in the textural data (Table 3.5).
The model of the pristine SGy s represents the microporous section and the smaller
mesopores of the experimental adsorbents, and does not represent the larger mesoporous
section of the silica gel materials. A more accurate replication in the silica gel model of the
complete pore size distribution of the mesopores in SGy s was not practical, due to the
computational constraints of the simulation cell size, and it was not justified for the present
study. Nevertheless, qualitative information can be extracted from the SG4 s model by
comparing with the experimental adsorption data on the silica gel products at low pressures
(< 50 kPa), since under these conditions the extra-adsorption observed for the experimental
materials occurring in large mesopores and macropores is not significant. The N,
adsorption isotherms for the model and experimental silica gel material are shown in
Figure 3.23b. The inset in Figure 3.23b shows the full isotherm of the materials, it is seen

that after 50 kPa saturates due to its smaller pore space available after functionalization.

For the experimental and simulated silica gel matrix, it was not possible to increase the
aminosilane loading further of 0.5 mmol g". This is because of a combination of the low
surface area of the silica gel material, the number of silanols available for substitution,
which are not as abundant on the surface as in MCM-41, and the internal shape of the
pores, formed by the superposition of silica spheres, which hinder the grafting of amine

moieties in the locations where two spheres connect.
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The SGy4 s model gives an accurate representation of the experimental SGyo material at
pressures below ca. 50 kPa. A similar N, adsorption behavior was observed for the models
and experimental raw materials (Figure 3.23b). Although the capacity of the material was
underpredicted by the model, its behavior was correctly captured, especially at low and
intermediate partial pressures. This is seen in the 4-MAP@SGy, s, although this model
correctly reproduces the main features of 4-MAP@SGy at P > 50 kPa, the lower capacity
of this model means that after functionalization with aminosilane the available pore space
decreased to a larger extent than it did for the experimental material. The effect of
functionalization on the adsorption behavior of 4-MAP@SG,, was very low. The SG4 and
4-MAP@SG4y materials showed almost identical adsorption isotherms. The model

materials showed very similar adsorption profiles as well.

For the experimental silica gel material the decrease in the pore volume after
functionalization was relatively low. Sample 4-MAP@SGy had an amine loading in the
order of 0.5 mmol g (0.6 molec nm™) and less than 1% of decrease in the pore volume
with respect to SGy. However, for MCM-41 samples with similar loading, the decrease in
the pore volume of the samples was more dramatic. This difference is attributed to the
smaller pore diameter of the former material. For samples 5S-MAP@MCM41 and 5-
AP@MCM41s, with aminosilane surface densities in the order of 1.0 mmol g (0.5-0.6
molec nm™) the decrease in the available pore volume was ca. 20 %. This decrease in the
pore volume observed in the experimental and model of MCM-41 was similar to the
decrease observed in the model silica gel, 4-AP@SGy s, where P, decreased ca. 8 %
respect to the raw material, SGy s. In general, mesoporous materials with larger pore
opening are more adequate to accommodate a monolayer of packed monoamine chains on
the intra-channel surface than materials with smaller pore size, even if their total surface
area available for grafting is relatively low. Thus, the model silica gel is a correct
representation of the micropores and the smaller mesopores of the experimental silica gel,
as seen from the adsoption isotherms and the maximum amine loading obtained. However,
the larger mesopores and macropores of the experimental material are responsible for a

small effect of the loading of the chains on the total pore volume.
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At lower relative pressures the results of the silica gel model are similar to those of the
experimental material. For instance, for the experimental and model functionalized
samples (samples 4-MAP@SGy and 4-AP@SGyy s, respectively), the N, adsorbed amount
at 50 kPa was reduced by less than 10 % (Fig. 3.23b) with respect to the raw materials. As
aforementioned, functionalization of the silica gel materials has a less marked effect on the
experimental materials due to its larger pore volume, thus, the effect of pore obstruction

and diffusion limitations after functionalization is less noticeable.

The N, adsorption results demonstrate that, even though the model of hybrid materials
required simplifications related to the cell size and aminosilane polymerization modes for
practical computational reasons, it is possible to obtain an adequate insight of what
happens in the macroscopic systems at low pressures. The models were able to accurately
capture the reduction in the N, adsorption capacity as the concentration of grafted

aminosilane molecules increased.
3.4 POLYMERIZATION OF ETHYLENEIMINE UNDER COMPRESSED CO,

Polymers containing amino groups (aminopolymers) are used to impregnate porous
silica to obtain materials for CO, adsorption and separation processes. Grafted
hyperbranched aminopolymers are preferred as modifiers versus aminosilanes, as they
have a higher amine density, which is considered advantageous in CO, adsorption

applications [65].

The incorporation of aminopolymers into porous silica can be carried out by two synthetic
routes. The first method consists on introducing a constituted polymer directly into the
porous silica. Polyethyleneimine is a common polymer used in this approach [66-70]. The
second method is based on the in situ functionalization of a monomer inside the silica
pores to obtain the aminopolymer. Ring-opening polymerization of cyclic monomers
occurring on the support surface is a method applied for various polymers, including
polypeptides and polyethyleneimine [71-75]. Ethyleneimine has been used to obtain
hyperbranched polyethyleneimine by ring-opening polymerization with very high yields
[1, 70, 74, 76-78]. Such polymerization has been conventionally carried out by the liquid

phase route, requiring the use of organic solvents, small amounts of acetic acid as a
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catalyst and high temperatures [1, 70, 77, 79, 80]. A free-solvent process, based on a vapor
phase transport route, has been recently described [76]. Although the use of organic
solvents was avoided in this process, still long reaction times of 24 h and temperatures
close to 80 °C were required to obtain significant loadings. In this thesis, an effective and
fast procedure was developed for the in situ ring-opening polymerization of aziridine into

porous silica, using compressed CO, both as a reaction medium and catalyst.

3.4.1 Functionalization procedure

Ethyleneimine monomer was polymerized inside of the mesoporous susbtrates
CC and MCM-41 using compressed CO, as a solvent, reaction medium and
catalyst. The ring-opening polymerization of ethyleneimine (aziridine) into
mesoporous silica was promoted by using compressed CO; above and below the
critical point (Fig. 3.24). Experiments were performed on the 100 mL high pressure
autoclave (ThaDesign), using a similar set up to the one used for organosilane. 0.3
g of the porous silica substrate, enclosed in a cartridge, were placed in the stainless
steel support. Then, ImL of aziridine was carefully added to the bottom of the
reactor. (Aziridine is a hazardous compound that must be handled with the
corresponding safety precautions: work in a fume cupboard using rubber gloves
and protection glasses). The vessel was slowly pressurized with CO, at ambient
temperature. At ca. 1 MPa, the formation of a dense vapor cloud was visually
observed together with a simultaneous increase on the temperature of 4-6 °C,
evidencing the exothermic character of the ring-opening polymerization of
aziridine. Operating temperature and reaction time were set at 45 °C and 10 min,
respectively, while the pressure was varied between 6 and 10 MPa. Pressure
conditions of each run are shown in Table 3.6, together with some products
characteristics. A blank supercritical polymerization experiment was performed
under similar conditions, but without the addition of the solid support (Table 3.4).

The polymer recovered from this experiment was labeled as PEI.
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Figure 3.24  Schematic represenation of thering -opening polymerization m echanism of
ethyleneimine using compressed CO,, Polymeriation is ca rrie out in situ inside a mesoporous silica
substrate.

Table 3.6 Pressure conditions for some of the obtained samples and their characteristic values of
amine loading (py), specific surface area (S,) and pore volume (V).

P PN Pmgraft S VD

[MPa] [mmolNg'] [molecnm?] [Iilzg'll [em’g]

MCM-41 - - - 1127 0.92
1- PElco,@MCM41 8.5 4.6 2.5 530 0.40
2-PElco,@MCM41 6.0 6.0 3.2 306 0.25
3- PElco,@MCM41 10 8.0 4.2 50 0.07
CC - 440 0.96
1- PElcox@CC 8.5 3.0 4.1 307 0.70
2- PElcox@CC 6.0 33 4.5 251 0.61
3- PElco,@CC 10 43 59 234 0.54
PEI 6.0 - - - -

4.2 Polymerization mechanism

PEI is a water soluble cationic polymer that can take bo th linear and branched forms
[81]. Ther andom br anched structure is commonly pr oduced by ac id-catalyzed
polymerization of aziridine monomers in aq ueous or alcoholic solution [82, 83]. The
polymerization is activated by aziridine protonation, followed of nucleophilic attack by a

second aziridin ¢ molecule [Fig. 3.25a]. The ring openin g pol ymerization can also be
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initiated by aLewisa cid, such as CO, (Fig. 3.25b) [84]. Ithasbeen stated th at
unsubstituted aziridine reacts with CO, to give a homopolymer in the absence of catalyst,
i.e., CO, isnot incorporated into the polymer [85]. Unsubstituted aziridine reversib ly
generates the correspo nding carbamic acid derivative inequ ilibrium withth e
corresponding ammonium c arbamate [86]. The CO , sorbed into the sy nthesized PEI
polymer is easily eliminated at temperatures of 80—-100 °C [87]. Therefore, it is expected
that the polymerization of aziridin e in co mpressed CO , woul lead to a hy perbranched

polyethyleneimine [Fig. 3.25a].
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Figure 3.25 Schematic representation of diff erent mechanisms established for the form ation of
hyperbranched PEI from aziridine under: (a) acid, and (b) CO, catalysis.

3.4.3 Polymer molecular weight and structure

For PEI polymers, the average molecular weight achieved following the conventional
liquid synthesis mode is typically within the range of 20-50 kD a [85]. The m olecular
weight of a compressed CO, polymerized ethyleneimine sample (labeled as PEI) was first
determined using a SLS method. The estimated value was in the order of 8+2 kDa, which
corresponds to a low PEI molecular weight. To contrast the results, the PEI sample was
also characterized by using the MALDI-ToF equipment. Significant amounts of 0.2—1 kDa
chains were detected in the PEI by this technique (Fig. 3.26a), indicating a low molecular

weight fo r t he synthesized polymer, in agree ment with the results obtained by SLS .
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Discrepancies on the absolute mass estimated using different characterization techniques
are typical for such a low-molecular weight polymers, shifting the molecular weight
distribution to lower masses for MALDI-ToF analysis [88]. The maximum peak intensity
was centered at 132—-304 Da, corresponding to 3 (129 Da) to 7 (301 Da) repeating units
(CH,CH,NH) in the protonated PEI molecule. The process of PEI polymerization in
aqueous or alcoholic solution occurs in a homogeneous mixture, because of the high
solubility of the monomer, the polymer, and the acid initiator in the continuous liquid
phase. Solubilization of the polymer during polymerization results in the formation of
high-molecular weight PEIL. In contrast, due to the limited solubility of polymers in
compressed CO,, low molecular weight polymers are frequently obtained in supercritical
and compressed CO; in the absence of surfactants [89]. The ring opening polymerization
process carried out in the compressed fluid occurs at high reaction rates, since aziridine
undergoes exothermic polymerization in contact with CO, [90]. The quick heat release
vaporized the monomer resulting in a visually observed vapor cloud, occurring at about 5
MPa. Hence, the process featured an initially homogeneous vapor phase reaction, where
monomer and initiator (in this case, the Lewis acid CO,) are homogeneously mixed.
During polymerization, the system became rapidly heterogeneous once the growing
oligomeric chains reach a critical molar mass that exceeds the solubility limit in the
compressed CO, vapor phase. Polymer precipitation would significantly reduce the
molecular weight of the recovered PEI In addition, polymer chains grafted on silica
surface are expected to have a lower molecular weight than the value found for PEI in
bulk, due to factors related to strong steric hindrance occurring between the pendant
polymer chains [91]. The high density of chains grafted onto the porous silica surface
would interfere with the propagation of the hyperbranched tree-like structure, resulting in

the decrease of the apparent molecular weight [92, 93].

XRD analysis of synthesized PEI indicated that the polymer has an amorphous structure
(Fig. 3.26b), which suggested a highly branched configuration. Amorphous PEI
synthesized in CO, exhibited a glass transition step between 50 and 90 °C (Fig. 3.26¢),
which is similar to the one described for the 25 kDa commercial PEI centered at about 65

°C [94].
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Figure 3.26 Characterization of synthesized PEI polymer: (a) MALDI-ToF mass spectrum, (b) Xray
diffractogram, and (c) DSC curve.

3.4.4 Thermal analysis and grafting density

Mesoporous substrates MCM-41 and CC were in situ functionalized with ethyleneimine
following the described polymerization method using CO,. Table 3.4 shows the values of

the amine loading and the textural properties of the prepared samples.

The thermal behavior and the loadings of functionalized samples were determined by
thermogravimetric analysis. The amine content was calculated from the TGA weight loss
in the temperature range of 200-500 °C (Table 3.6). Besides, data were corroborated by
elemental analysis for samples 2-PEI@MCM41 and 2-PEI@CC giving loading values of
5.4 and 3.4 mmol g, respectively, consistent with the values estimated by TGA (Tabl e
3.6).

Figure 3.27a,b shows the thermogravimetric profiles of PEI functionalized MCM -41
and CC sup ports. For both suppo rts, th e first weight decay occurring upto 150 °C
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corresponded to the loss of water and CO,. A second weight loss occurred between 200-

500 °C and was associated to the loss of PEI.
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Figure 3.27 Thermogravimetric profiles of PEI functionalized samples. MCM-41 suppport lo aded
with 4.6 and 8.0 mmoINg ™' of PEI (sam ples 1- and 3 -PEI@MCM41 , re spectively) (a) and CC
support loaded with 3.3 and 4.3 mmoINg™ of PEI (samples 2- and 3-PEI@CC, respectively). Weight
derivatives are represented by discontinuous lines.

3.4.5 Comparison of the thermal behavior with similar samples from literature

Fig. 3.28 illustrates the normalized derivative curves of the TGA weight loss profiles
measured for 2 - and 3 -PEI@MCM sa mples. Derivative curves were co mpared with
literature data of similar products involving PEI and mesoporous SBA-15, with loadings
ranging from 4-9 mmol g (Table 3.7), prepared by ring-opening polymerization following
the liquid [77, 78] or the vapor diffusion route [76]. Samples prepared using conventional
routes decomposed at temperatures of 200-250 °C, while samples synthesized in this work
attained a temperature of ca. 340 °C befo re significant decomposition. Hence, th ¢
maximum in the deriv ative of the deco mposition profiles of samples prepared using
compressed CO, was shifted more than 100 °C, indicating notable higher thermal stability

than similar products reported in the literature.
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Figure 3.28 Normalized derivative profiles obtained from the TGA weight loss curves
of 2- and 3-PEI@MCM samples and literature data [76-78].

Table 3.7 Comparison of the amine content and pore volume of samples from this work with similar samples
from the literature.

Sample px [mmol g A\ [em’g”] Ref
2-PElco,@MCM41 6 0.21 This work
3- PElco,@MCM41 8 0.07 This work
MCM-41 6 0.01 [80]
SBA-15 7-9 0.33-0.07 [76]
SBA-15 4 0.36 [80]
SBA-15 7.4 1.19 [95]

3.4.6 Textural properties

Figure 3.29 illustrates the N, adsorption isotherms for bare and modified MCM-41 and
CC substrates. A decrease in the available surface area and BJH pore volume is observed
for both substrates (Table 3.6). The highest decrease in these values was found for samples
with increasing aminopolymer loading. For sample 1-PEI@MCM41, containing 4.6 mmol
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g, t he pore volumean d surface ar ea values d ecreased in ca.55 %.Sa mple3 -
PEI@MCM41, with 8 mmol g™, exhibited almost no N, adsorption (Fig. 3.21a) with a 73

% decrease in the pore volume.
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Figure 3.29 N, adsorption isotherms for PEI modified MCM-41 (a) and CC substrates (b).

Functionalized CC supports exhibited a decrease in the N, adsorption with respect to
the bare support CC (Fig. 3.29b). The shape of the isotherm remained similar, even for the
highest loaded sa mple 3-PEI@CC. This sa mple, containing 4.3 mm ol g, exhibited a
decrease of 44 % in the pore vo lume. Comparing the grafting densities (molec nm™) of
MCM-41 and CC samples (Table 3.6), sample 3 -PEI@CC showed the hi ghest grafting
value, with ca. 6 molec nm™. However, the decrease in the pore volume for this sample
was not as dramatic as inth e highest lo aded sample for M CM-41 sup port, the 3-
PEI@MCM41 (4.2 molec nm™). This can be explained by the higher pore diameter in CC
samples (9 nm) when comparing to the 4 nm pore diameter of MCM-41. P ore bl ocking

consequently occurs at lower aminopolymer loadings for MCM-41 samples.

3.5 CONCLUSIONS

The internal surface of porous silica was successfully modified with organic functional
groups, i.e. alkylsilanes, aminosilanes and aminopolymers, using supercritical CO, as the
reaction media. Operating conditions were chosen according to the solubility or reactivity

of the functional molecules in CO,. Low pressures and temperatures of 10 MPa and 45 °C
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were sufficient to attain high solubility of alkylsilanes in scCO,. The functionalization with
the aminosilane required a previous study to determine the best operating conditions to
avoid the formation of unsoluble carabamate species. Those conditions were found to be
low pressures (7.5-9.0 MPa) and temperatures of 100-135 °C, using either pure CO, or CO,

plus a cosolvent.

Thermogravimetric analysis revealed the thermal stability of the synthesized material as
well as the grafting densities achieved.

Alkylsilanes and aminosilanes covalently attached to the silica surface were lost at
temperatures higher than ca. 300 °C. Grafting densities up to ca. 0.85-1.0 molec nm™ were
achieved for the mesoporous and microporous substrates CC, SB and ZY functionalized
with alkylsilanes. Lower values of ca.0.5 molec nm™ were found for SG4 due to steric
constrictions of the narrow sterical pores. Only physical deposition was confirmed in the
case of zeolite Y, due to the absence of silanol groups.

For aminosilanes, the mesoporous substrate CC, with the largest pore diameter,
exhibited the highest grafting density values of ca. 4.0 molec nm™. The highest grafting
density for MCM-41 was ca. 3 molec nm™. The smaller pores of ca. 4 nm as in MCM-41
are easily blocked. Similar to the alkylsilanes case, low grafting values of ca. 0.5 molec
nm™ were found for SGyo.

Molecular simulations were performed on some of the bare and functionalized
substrates and compared with the obtained experimental data. The accuracy of the models
for bare zeolite, mesoporous silica gel 40 and MCM-41 were corroborated by comparing
the N, adsorption simulations with experimental data. A realistic model was obtained for
SGy and MCM-41 by grafting the organic chain to the substrate. Next, the experimental
and simulated N, adsorption isotherms of postsynthesis funtionalized materials were
compared to insight the behaviour of the functionalized chains. For the zeolite matrix
impregnated with alkylsilane, the simulations accurately predicted the experimental
adsorption isotherms in which silane physisorption was expected. For covalently bonded
organosilane-functionalized SG4 and MCM-41, the organosilane molecules were grafted
entirely to the silica surface. Although the model of hybrid materials required
simplifications related to the cell size, the models were able to simulate accurately the
reduction in the adsorbent capacity due to the increasing pores space occupied by the
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hydrolyzed silane as the concentration increased, with a deviation of < 10% with respect to
experimental values. In contrast, for a model where only the alkyl chain was grafted to the
silica substrate, deviations as high as 55% were found. Moreover, it was shown that the
simulation method for covalent functionalization of silica gel described in this work is
more realistic in regards to the prediction of the adsorption capacity at different grafting
densities than the models that consider only the organic tail of the silane chain as the
grafting moiety, at least for concentrations lower than those corresponding to monolayer

formation.

In a last approach, ethyleneimine monomer was in situ polymerized into mesoporous
silica by using compressed CO, as the reaction media and the catalyst of the ring-opening
reaction. Low pressures between 6-10 MPa and temperatures of 45 °C were sufficient for
the polymerization reaction. Aminopolymer loadings in mesoporous MCM-41 and CC
were as high as 5 and 8 mmol g, respectively. The thermal stability of the prepared
PEI@MCM-41 samples were compared with similar samples from the literature revealing
that samples from this work decomposed at temperatures 100 °C higher. N, adsorption
isotherms showed that the decrease in the pore volume at similar aminopolymer densities
for MCM-41 and CC substrates was more dramatic for MCM-41than for CC. This is due

to the difference in their pore diameters which are two times larger for CC.
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CHAPTER 1V
ADSORPTION PROPERTIES

In Chapter III, it was described the functionalization of silica with organic molecules,
and general results pertaining to the functionalization were presented. This chapter focuses
on the study of the adsorption properties of the prepared porous sorbents. At the beginning
of the chapter both experimental and simulation characterization tools applied are
described in detail. The following sections are focused on the adsorption properties of the
prepared sorbents: water adsorption in alkylsilane hydrophobic samples and CO,
adsorption in amino functionalized substrates. A deep characterization combining
experimental and simulation tools was performed to this last group of materials in order to
evaluate their adsorption properties at different temperatures and using pure CO, or a

mixture of gases in cyclic adsorption/desorption measurements.
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4.1 INTRODUCTION

Gas adsorption is an important characteristic of the synthesized materials. Adsorption is
the enrichment of one or more components in an interfacial layer and the adsorption
isotherm is the relation between the quantity adsorbed and the composition of the bulk
phase (or the partial pressure in the gas phase) under equilibrium conditions at constant
temperature. When a species diffusing in a porous solid is adsorbed to some extent, the
ratio of adsorbed molecules to gas molecules in the pores may be very high if there is a
large surface area associated with the pores and the material is very attractive to this
molecule [1]. Depending upon the strength of the interaction, all adsorption processes can
be divided into the two categories of chemical and physical adsorption [2]. Chemisorption
is adsorption in which the forces involved are valence forces of the same kind as those
operating in the formation of chemical compounds. The problem of distinguishing between
chemisorption and physisorption is the same as that of distinguishing chemical and
physical interaction in general. No absolutely sharp distinction can be made and
intermediate cases exist, for example adsorption involving strong hydrogen bonds or weak

charge transfer.

Physisorption is adsorption in which the forces involved are intermolecular forces (van
der Waals forces) of the same kind as those responsible for the imperfection of real gases
and the condensation of vapors, and which do not involve significant change in the

electronic orbital patterns of the species involved [3].

Examples of both chemisorption and physisorption are found in this work. For instance,
physisorption occurs in the water adsorption in functionalized alkylsilane samples where
the water merely shows physical interaction with the silica surface. The adsorption of CO,
in amino functionalized substrates is a good example of chemisorption, where carbamate
species are formed as the result of the interaction between amino groups and CO,
molecules. This makes amino functionalized substrates potential candidates to be applied
as CO, adsorbents. To evaluate the performance of the supercritically prepared CO,
adsorbents, detailed understanding of CO, and CO,/N, separation is crucial [4]. Hence, the
present chapter scrutinizes the adsorption capacity and the effectiveness of the prepared
hybrid products, which are compared to literature data for similar materials prepared using
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conventional methods. The influence of the materials surface area and pore characteristics
in the long-term performance is also discussed, as well as the adsorption and desorption

rates.

The underlying mechanism of the CO, adsorption processes occurring in highly
complex amino-functionalized hybrid materials is not yet fully understood. This
incomplete understanding limits the possibilities of designing ad-hoc optimal sorbents for
specific applications, highlighting the interest of performing complementary experimental-
simulation studies. In this Chapter, computational models for MCM-41 and silica gel
functionalized with monoamine molecules were created and evaluated for CO, adsorption.
The goal of the adsorption simulation studies was to provide new insights into the CO,
adsorption mechanism in those porous materials. The simulated results are discussed and

compared to data obtained experimentally.
4.2 ADSORPTION CHARACTERIZATION TOOLS
4.2.1 Karl Fischer method: water uptake

The hydrophobic behavior of porous silica samples functionalized with
octyltriethoxysilane was studied through the adsorption and desorption of water molecules
following well established methods [5-7]. In order to evaluate the hydrophobicity of
functionalized samples, the amount of adsorbed water with time up to saturation was
measured using the Karl Fischer (KF) tritation method. It is an analytical method that uses
coulometric or volumetric tritation to determine amounts of water in a sample. Tritation is
defined as a technique to determine the concentration of a substance in solution by adding
to it a standard reagent of known concentration in measured amounts until a reaction of
known proportion is completed. A color change or an electrical measurement indicates the
end of the reaction. Then the unknown concentration can be calculated. With the KF
tritation method both free and bound water can be determined, e.g. surface water on
crystals or the water contained inside them. The method works over a wide concentration
range from ppm to 100% and supplies reproducible results [8]. Reactants for KF
coulometric and volumetric methods are composed by an alcohol and I,. In the coulometric

system the I, is generated in situ while in the volumetric it is introduced to the reaction.
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In this work , a 633 Karl Fischer -Automat (Methrohm AG, Zo fingen, Switzerland )
equipped with a 715 Dosimat burette and a 703 Ti Stand stirrer was used to measure the
adsorbed water content followingthe K F volumetric method. Reagents fo r H,O
determination co mprised the Karl Fischer’s Reagent compounds (RV,1 mL reagent

~0.005 g H,0) and methanol (RE, according to KF), both from Panreac.

For the water adsorption step, the silica samples were exposed to a relative humidity of
either 60-65% (ambient conditions) or 90% (controlled atmosphere in cubator at 20 °C)
during 7 or 30 days, respectively. Prior to this, samples were first dried at 120 °C in an air
oven for 20 h. A tsuch temperature no sign ificant hydrolysis of siloxane bond s was
expected. Approximately 20 mg of each hydrated material was suspended in anhydrous
methanol with the aid of magnetic stirring and tritated in a closed vessel using the Karl
Fischer’s reagent (Fig. 4.1). The water adsorption of each sa mple was measured th ree
times and the arithmetic mean was given as the adsorbed value. Standard deviations lower
than 5 % were found as error. A sharp indication of the end point was obtained by
amperometric detectio n. F or th e porous materials under study, the kinetics of water
desorption were monitored at diverse preselected times of 2, 4, 6, 8, 10, 15, 20 and 30 min.
The water de sorption to the methanol phase was considered to be completed after this

period.

Water adsorption Water desorption
mdasurement

Figure 4.1 Study of the hydrophobicity of porous silica modified with octyltriethoxysilane: (a)
water adsorption, followed by (b) water desorption measurements using the Karl-Fischer tritation
method.

134



Chapter IV ADSORPTION PROPERTIES

4.2.2 Gas adsorption analyzer: CO, adsorption isotherms

Sorption isotherms of CO, were obtained using a Micromeritics ASAP 2020 analyzer in
the in terval 0-100 kPa. Prior to measurements, samples were outgassed under reduced
pressure at 120 °C for 20 h, following the sa me pr ocedure th an for N, adsorption. A
circulator b ath con taining heated oil was usedt o obtain the isot herms at di fferent

temperatures.
4.2.3 Microbalance: CO,/N, adsorption/desorption cycles

The study of the CO , adsorption/desorption c yclic behavior was performed using a
microelectronic recording balance (IMS HP HT Microbalance, based on a magnetically
coupled Rubotherm GmbH microbalance) with a cell of 100 mL (Fig. 4.2). The measuring
cell containing the sample holder is covered with a heating jacket th at allows working at
temperatures up to 450 °C. The Rubotherm balance is a magnetic suspension balance able

to detect weight changes of 107 g.

@ :!"- Wacuum line

{3
Rubotherm
balance 8 Water pump
]
i

——————— J

Measuring
cell

Sample

COnlaanér

Figure 4 .2 Schematic d iagram of the IMS HP HT Mi crobalance witha
magnetically coupled Rubotherm GmbH.
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Measurements were performed at atmospheric pressure and with a total flow of 200 scc
min”'. Figure 4.3 summarizes the main steps of the process: (a) the samples were first dried
and decarbamated by passing N, at 105 °C during 180 min. Then, they were cooled to the
desired adsorption temperature (T,gs = 25 or 45 °C) and (b) CO, adsorption was initiated by
switching the N, purge gas to a CO,/N, mixture (10/90 v%) maintained during 60 min. The
desorption step (c) was carried out at 105 °C in a flow of N, for 90 min. A minimum of 10

cycles was applied to each sample.

g

3

m o
= =
E s

[ | [_U_yl__
sl
Figure 4.3 Schematicre presentation of the cyclic CO  ,/N,

adsorption/desorption steps: (a) CO, adsorption and (b) CO, desorption.

4.2.4 CO; adsorption molecular simulations

Adsorption simulations were carri ed out using the gr and can onical Monte Carlo
(GCMC) method, equilibrating the chemical potential of the sorbent and a reservoir of gas
by exchan ging and moving the adsorbed molecules. CO, adsorption isot herms were
generated for the studied substrates at different degrees of functionalization and compared
with the obtained experimental data. Similar potentials to N, adsorption simulations were
used for the case of CO,. However, for the specific case of CO, both physisorption and
chemisorption were con sidered as feasible pr ocesses. CO, adsorption isoth erms were
generated considering chemisorption at low CO, pressure and physisorption at all pressures
[9]. Chemisorption is included in the molecular simulation calculations by adding during
functionalization a predefined number of carba mate and pr otonated amine chain s in
addition to the non-reacted amine chains, instead of including only the aminosilane chains.

The full details ofth e method can be found elsewhere [10]. The inclusion of the
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carbamates at zero coverage simulated the low pressure conditions at which the CO,-amine
reaction mainly occurs. Based on experimental data of supercritically functionalized
systems, the amount of CO, chemisorbed in the system was fixed at the stoichiometric
molar ratio of 0.5 moles of CO, per mole of functionalized amine. That is, half of the
amine molecules were replaced by carbamates and the other half by protonated amines.
However, for systems with a low degree of amine functionalization, the amine density was
considered insufficient to allow the formation of carbamates and only non-reacted

aminosilane chains were considered.

137



Chapter IV ADSORPTION PROPERTIES

4.3 WATER UPTAKE IN HYDROPHOBIC POROUS MATERIALS
The functionalization of porous silica with octyltriethoxysilane carried out in this work
is expected to increase the hydrophobicity of the samples. Table 4.1 shows the grafting
alkylsilane values for each studied sample together with the adsorbed water values after 1
month and one week of hydration at 20 °C at 90 % and 60-65 % of relative humidity,
respectively.
Table 4.1 Adsorbed water (A,) expressed as grams of water per gram of dry matrix [g, g 1,

after one month (A,) of hydration at 90 % relative humidity and after one week (A, ;) of
hydration at 60-65 % relative humidity.

Dorafe [MoOlec nm’|

b-CC - 1.33 0.06
1-CC 0.85 0.33 -
2-CC 0.82 0.3 -
5-CC 1.02 - 0.04
3-CC 0.75 0.38 -
4-CC 0.7 0.33 =
b-SB - 0.28 0.17
1-SB 1.02 0.17 -
2-SB 0.95 0.16 -
5-SB 1.16 - 0.07
3-SB 0.94 0.19 -
4-SB 0.94 0.2 -
b-SGqy - 0.37 0.11
1-SGy 043 0.26 -
2-SGy 0.44 0.23 0.06
3-SGy  0.57 0.21 -
4-SG4 0.50 0.20 -
b-ZY - 0.33 0.23
2-7Y 0.96 0.21 -
5-ZY 1.02 0.18 0.18
3-ZY 1.13 0.20 -
4-7Y 1.05 0.21 -
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Figure 4.4 shows a comparison of the water uptake of the meso- and m icroporous
samples hydrated under ambient conditions during 1 week. The percentage of water uptake

for mesoporous samples was reduced to ca. 50 % after silanization.

W blank

M silanized

water uptake [%wt]

5-CC 5-SB 2-5G40 5-ZY

tvpe of substrate

Figure 4.4 Water uptake, expressed as the weight of adsorbed water per total weight of sample,
after one week of hydration under ambient conditions (20-21 °C and 60-65 % relative humidity).

In the SB samples, the modification of the water adsorption capacity was evidenced
qualitatively from the col or change of the m oisture indicator from blue (dry)to pink
(moisturized). As shownin Fig. 4.5, after 1 h of m oisture adsorption unde r ambient
conditions, the pink color was more evident for the blank than for the treated samples and

the persistence of the blue color increased with the processing time from 90 to 420 min.
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60 min

Figure 4.5 Optical pictures of the modification of the color (from blue to pink) of raw and
silanized silica gel blue samples exposed to ambient conditions (64% relative humidity at
20-21 °C). Samples were first dried in an air oven at 120 °C during 20h.

After silanization, the water adsorption drop was less important for microporous zeolite
samples than for mesoporous matrices (Fig. 4.4). For amorphous mesoporous silica,
residual uncondensed hydroxyl groups from the original polymeric silicic acid remained on
the surface of each primary silica particles, conferring upon silica gel its polar properties.
Hence, the replacement of some Si—OH groups by hydrolytically stable CgSi- hydrophobic
groups (chemisorption) prevented, in part, water penetration. Conversely, the zeolite is a
crystalline hydrated aluminosilicate whose framework structure encloses cavities occupied
by water molecules linked to the surface by electrostatic forces. Silane physisorption in
such a pore network did not prevent effectively the adsorption of polar water. The water
desorption kinetic curves for several examples of the different blank and treated substrates
left during 1 month (Table 4.1) in a closed recipient under controlled moisture (90 %) are
shown in Fig. 4.6. The water uptake was reduced by a 10-fold factor for CC silanized
materials and by a factor of ca. 1.5-2 for the rest of the meso- and microporous substrates.
For the studied porous matrices, with extremely high surface areas, the amount of silane
incorporated after supercritical treatment was not enough to completely coat the internal
surface with a monolayer, as indicated by TGA. Hence, residual hydrophilic silanols were
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still present on modified surfaces to gether with adsorbed and grafted hydrophobic silane

molecules.
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Figure 4.6 Curves of desorbed water, obtained using the Karl Fischer analytical method, for meso-
and microporous bare and silanized selected samples after hydration during one month in a closed
humid environment: (a) CC, (b) SB, (¢) SGyand (d) ZY. Symbols represent experimental data and

the lines are a guide to the eyes.

4.4 CO; ADSORPTION ON AMINOSILANE FUNCTIONALIZED SILICA

The capacity of supercritically prepared aminosilica hybrid products for CO, adsorption
and its separ ation from mixtures with other gases is here analyzed. The CO, adsorption
capacity under dry conditions of mesoporous silica gel and MCM-41 functionalized with
the monoaminosilane MAP was first evaluated by recording CO, adsorption isotherms and
next by performing microbalance cyclic adsorption/desorption experiments at 25 and 45 °C.
CO, adsorption and desorption rates were also studied as a function of the amine loading.
CO, adsorption results were compared to similar data available in the literature, showing

improved performance for th e compressed CO, prepared pr oducts relat ed to the CO ,
adsorption efficiency and cyclic regenerability.
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4.3.1 CO; adsorption isotherms

Data on the amine loading and pore structure of the synthesized materials are required
to study in detail their CO, adsorption capacity. These parameters, determined from
thermogravimetric analysis and low-temperature N, adsorption/desorption experiments are
summarized in Table 3.4 Chapter III, section 3.3.2.2. CO, adsorption isotherms for the
prepared materials were recorded up to pressures of 100 kPa at 25 °C (Fig. 4.7). Pure silica
surfaces do not interact very strongly with carbon dioxide because the residual hydroxyl
groups are not able to induce strong enough interactions. For this material, the adsorption
could be represented by a linear equation characteristic of physisorption. Adsorption
values for raw silica gel, MCM-41 and CC materials were in the order of 0.05 and 0.11
mmol g at 10 kPa.

CO, adsorption increased to values of 0.3-0.4 for SGy, (Fig. 4.7a) and CC (Fig. 4.7b)
and of 0.7 for MCM41 (Fig. 4.7¢) by increasing the adsorption pressure to 100 kPa. For
SGyo samples, the MAP uptake was relatively low, in the order of 0.5 molec nm™. This
density was too small to allow for carbamate formation between two different aminosilane
molecules. Hence, CO, sorption, even at low pressure, was only due to physisorption, as
shown by the shape of the isotherm (Fig. 4.7a). Adsorption values were lower than those
obtained for the raw material, since some of the CO, adsorption sites were already
occupied by aminosilane molecules and less empty volume was available for adsorption.
The effect of chemisorption in the shape of the isotherms was evident for samples with
medium and high loading degrees (> 1 molec nm™). These samples had a high initial CO,
uptake at very low pressures (< 5 kPa) that was the contribution of the chemical reaction.
For CC materials with a high amine uptake, the CO; sorption values increased. In Fig. 4.7b,
the behavior of sample 6-MAP@CC, with an amine loading of 3.14 mmol g, is compared
to the profile recorded for raw CC. At very low pressures (10 kPa) the amount of adsorbed
CO, for the hybrid material was of 0.92 mmol g™, which was significantly higher than the
value obtained for raw CC. This behavior can be explained by the great affinity of the acid
CO; for the basic amine sites, i.e., by chemisorption [11, 12]. Increasing the pressure up to
100 kPa the sorption in 6-MAP@CC increased to a value of 1.2 mmol g, but this increase

was mainly due to physisorption.
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Figure 4.7 CO, isotherms of amine grafted porous substrates at 25 °C for: (a) SG4, (b) CC and (c)
MCM-41; and (d) sample -MAP@MCM41 at 25, 75 and 110 °C.

In Fig . 4.7c, fu nctionalized MCM-41 sa mples are co mpared t o the bare s ubstrate.
Sample 5-MAP@MCM41 with a low functionalization degree (< 1 molec nm™) exhibit a
lower adsorption than the raw MCM -41.Con sidering that thesup ercritical
functionalization method pr oduces a uniform di stribution of't he a mine chains onthe
surface, atlow amine surface densities, carbamate fo rmation be tween two neighboring
aminosilane molecules is hindered by substantial distance between them. For samples 8-
and 10-MAP@MCM41, with loadings of 1.56 and 5.59 mmol g™, respectively, the CO,
sorption increased with the amount of amine loaded. At 10 kPa, the CO, adsorption values
were of 0.82 and 1.62 mmol g™ for 8- and 10-MAP@MCM41 samples, respectively. By
further increasing the CO, pressure up to 100 kPa, the empty pore volume was filled by
physisorption and the uptake values were increased to 1.43 and 2.13 mmol g for 8- and

10-MAP@MCM41 samples, respectively.
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The presence of open porosity in the sorbent after amine functionalization has been
described as an important characteristic that makes the material particularly attractive for
adsorption at ambient temperature [13]. From N, adsorption/desorption isotherms, it was
noted a significant reduction of pore volume for the studied substrates, to values of 40 % of
the original values in samples 6-MAP@CC and 8-MAP@MCM41, and to a value of only
0.01 cm’ g for sample 10-MAP@MCM41 (Table 3.4, Chapter IV, section 3.3.2.2). The
loss of porosity seems not to totally hinder CO, accessibility, since a high performance was
observed even at a very low pressure. This apparent contradiction with the N, adsorption
results is explained by the higher temperature used during the CO, adsorption
measurements (25 °C) compared to the - 196 °C employed for the N, adsorption tests. At
the low N, temperature, the grafted amine chains are expected to behave as rigid materials,
thus, limiting gas diffusion. Carbamate formation involves two nitrogen atoms from amine
groups close enough to allow the reaction. Hence, under dry conditions, the maximum
efficiency of a monoamine adsorbent is 0.5 mol of CO, per mol of N (Fig. 3.14, Chapter
IV, section 4.3.2). At the very low pressures of 10 kPa, where physisorption was
considered insignificant, efficiency values, calculated as mmol g of sorbed CO, / mmolg™
of loaded amine, were estimated as 0.5 and 0.3 for samples 8-MAP@MCM41 (P,=0.40
cm’g’) and 10-MAP@MCM41 (P,=0.01 cm’g"), respectively. Therefore, diffusion
restrictions due to high loading were noticed in sample 10-MAP@MCM41. At similar
loadings, other authors have reported the influence of the aminosilane grafting method on
the effective CO, uptake [14, 15]. In general, the use of anhydrous solvents with water
traces and low silane concentration is desirable for the preparation of smooth densely
amino-derived silane layers that maintain enough open porosity for CO, chemisorption.
The use of the anhydrous supercritical method seems to produce ordered and densely
anchored aminosilane layers, which affords amine pairs and results in a larger fraction of
amine being available for CO, adsorption, even at low apparent porosity.

Fig. 4.7d shows the CO, adsorption isotherms of 8-MAP@MCM41 measured at
different temperatures (25, 75 and 110 °C). The best performance occurred at room
temperature (25 °C), with the maximum theoretical adsorption efficiency of 0.5 reached.
When the temperature was elevated to 75 °C, the adsorption efficiency dropped to 0.38. By

further increasing the temperature to 110 °C, the chemisorption process at low pressure
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was not observed any more, and the adsorption profile was similar in shape to that of the
raw material (Fig. 4.7c). Similar results have been reported for aminosilanes grafted on
MCM-41 and other porous supports [16-18]. The formation of carbamate is favored at low
temperature due to the exothermic character of the reaction between the amine and the CO,,
whereas carbamate dissociation prevails at elevated temperatures [19]. Hence, the CO,
adsorption capacity decreased with temperature. Nevertheless, the influence of temperature
in the CO, sorption behavior is complex and in some of the literature published data, the
CO, sorption capacity increases as the temperature is increased, particularly for highly
loaded polymeric samples. For instance, the strong diffusion limitations to CO, adsorption
generated at room temperature by polymer PEI-impregnated in MCM-41 has been widely
reported [20, 21]. For those materials, as the temperature is increased, enhanced CO,
diffusivity and accessibility of vacant adsorption sites result in an increase of CO, sorption
capacity.

The behavior of the crystalline zeolite was completely different to that of amorphous
porous silicas and it is discussed separately. Zeolites have been widely used in separation
applications mainly because of their unique ability of molecular sieving. CO, molecules
are known to be physisorbed to its surface through electrostatic interactions. An example
of a commercialized adsorbent for CO, removal from gas streams is the zeolite 13X [4]. In
a pure CO, atmosphere and at a relatively low temperature, this zeolite has an adsorption
capacity of 1.5-2 mmol g at low pressure, which increases to 5 mmol g at 100 kPa.
However, the substantial decrease in CO, uptake at elevated temperatures or under humid
conditions limits the efficacy of zeolites. Moreover, they are inefficient in the separation of
CO, from other light gasses, since N, and other nonpolar gases are also easily adsorbed in
the micropores. In this work, we have studied the behavior of a zeolite type Y, with a
similar structure than zeolite X, but a slightly higher silica-to-alumina ratio. In a pure CO,
atmosphere, raw ZY physisorbed 2.9 mmolg™ at 100 kPa (Fig. 4.8). However, this amount
was reduced by impregnating the pores with the aminosilane to a value of 2.4 mmolg™ at
100 kPa. The low diameter of the ZY channels made impossible for the amine molecules
to land together in a vertical position suitable for carbamate formation. Therefore, the
presence of amines did not assist CO, sorption, at least under dry conditions in which two

molecules of amine were needed to graft one CO, molecule. On the contrary, the pore
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filling produced by the amine molecules reduced the available pore space for CO,

physisorption [22].

I
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Figure 4.8 CO, isotherms of raw and amine impregnated microporous zeolite
substrate at 25 °C.

4.3.2 Molecular simulation

Some of the supercritically functionalized MCM-41 and SG4, samples were selected for
comparison with the reproduced modeled materials. Table 3.5 from Chapter III, section
3.3.2.7, show the textural properties of the raw and aminosilanized materials or both

experimental and model samples (labeled with the "s" subindex).
4.3.2.1 MCM-41

The addition of the amino functional group is expected to modify surface properties by
increasing the gas-sorbent interaction at low pressures. Although the N, adsorption
capacities of the MCM-41 samples decreased with increasing functionalization (Fig. 3.20,
chapter III), in an optimal functionalized material for CO, capture, the inherent high
physisorption capacity of porous silica materials at high pressures should be preserved and
merged with chemisorption trend of the amine groups at low pressures [23]. However, the

behavior of both experimental and model samples with a low functionalization degree (1
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mmol g') was similar to that of the raw materials (Fig. 4.9a). The adsorption values were
even slightly lower than those obtained for the raw materials, since less void space was
available for adsorption after functionalization. The simulations accurately predict for 5-
AP@MCM41s sample the decrease of the adsorption capabilities with respect to the raw
material, supporting the hypothesis that amines do not significantly react with CO, on the
5-MAP@MCM41 sample. Differences between CO, adsorption values for 5-
AP@MCM415 and 5-MAP@MCM41 samples can be attributed to experimental errors in
the adsorption measurements for the experimental product. These materials, functionalized
with 1 mmol g' of amine, have a low density of amine groups grafted on the surface,
which was considered insufficient for the CO,-amine reaction. At low grafting densities
the molecules supercritically added distribute in a homogeneous way, which impedes the
proximity of pairs of amines necessary for carbamate formation under dry conditions.
Hence, CO, adsorption was only due to physisorption, as shown by the shape of the

isotherms in Fig. 4.9a.

The chemisorption effect was evident for the samples with a relatively high degree of
amine functionalization, i.e. 2 mmol g" for 11-MAP@MCM41 and 11-AP@MCM41s. In
those cases, the CO, adsorption equilibrium values increased considerably due to
chemisorption at low pressures. The CO, adsorption isotherms of experimental 11-
MAP@MCM41 and model 11-AP@MCM41g samples were very similar (Fig. 4.9a),
indicating that the assumption employed in the simulations, related to the chemical
reaction occurring at low pressure, is correct. For the models 5-AP@MCM41g and 11-
AP@MCM4 15, the average shortest distance between N atoms of the grafted amino groups
was calculated during GCMC simulations. This distance is used as an indicative of the
average separation between amino groups inside the porous support. The results indicate
that this distance was of 0.57 nm (standard deviation of 0.37 nm) for 5-AP@MCM41s and
0.26 nm (standard deviation of 0.13 nm) for 11-AP@MCM41s. Hence, the size of the CO,
molecules (0.23 nm), is comparable to the average shortest distance between N atoms in
11-AP@MCM415s. Therefore, it is consequent with the behavior of the latter material,
which, unlike 5-AP@MCM4 14 exhibits a significant CO, chemisorption.
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Figure 4.9 CO, adsorption isotherms for synthesized and simulated: (a) MCM-41 and (b) SGy4y samples.

4.3.2.285Gy

The CO; adsorption of the experimental and simulated silica gel materials (marked with
the subindex s) is depicted in Fig. 4.9b. It is seen that the functionalization of the SG 4
substrate slig htly decreases the adso rption capacity of the exp erimental 4 -MAP@SGyo
material, wh ereas the simulated SG 4 s and 4 -AP@SGy s products show an almost
identical behavior between the support and the functionalized material. All the measured
and calculated CO, adsorption isotherms indicated physisorption with very small or almost
null CO,-amine or CO,-silica interactions. Due to the low CO, loading values obtained for
the experimental silica gel materials, either pristine or fu nctionalized, th e adso rption
differences found between SGyy and 4 -MAP@SG, could be ascribed to measurements

inaccuracy.

4.3.3 Cyclic performance and separation from N,

For the supercritically prepared samples, the ability of selectively adsorbing CO, from a
mixture with N, was examined at 25 and 45 °Cin an integrated microbalance system

(Table 4.2). Adsorption values were taken from the first adsorption/desorption cycle.

148



Chapter IV ADSORPTION PROPERTIES

Table 4.2 CO, adsorption values obtained from a cyclic CO,/N, adsorption/desoprtion
process performed at 25 and 45 °C.

Sample molar ratio

'l CO,/amine

MCM-41 45 0.07 -
1-MAP@MCM41 45 0.05 0.13
5-MAP@MCM41 45 0.05 <0.1
11-MAP@MCM41 25 0.9 0.50
45 0.6 0.33
12-MAP@MCM41 25 1.0 0.41
13-MAP@MCM41 45 1.1 0.32
10-MAP@MCM41 25 1.0 0.25
45 1.3 0.33
CcC 45 0.04 -
1-MAP@CC 45 0.04 <0.1
4-MAP@CC 45 0.72 0.36
6-MAP@CC 45 0.87 0.33

4.3.3.1 Influence of amine loading

At 25 °C, the CO, adsorption values for MAP@MCM-41 products was almost
independent of the specific amine loading or amine surface density in the studied ranges
(solid lines in Fig. 4.10). Conversely, at 45 °C the CO, adsorption capacity was a function
of the amine loading degree or the surface density for both kinds of studied supports
(dashed lines in Fig. 4.10). The trend in the increase of the CO, adsorption capacity with
the specific amine loading was similar for MCM-41 and CC supports (Fig. 4.10a). Thus,
medium loaded samples had relatively high CO, adsorption values in the order of 0.6-0.7
mmol g, while CO, adsorption values as high as 1.3 and 0.9 mmol g were obtained for
the highly loaded 10-MAP@MCM41 and 6-MAP@CC samples, respectively. By
representing CO, adsorption data as a function of the amine surface density (Fig. 4.10b), it
can be observed that the slope of the trend line for CC/MAP adsorbents turns to be
significantly smaller than the one draw for the MAP@MCM41 products. Thus, at a similar
amine surface density, adsorbents prepared using MCM-41 were more effective for CO,

capture than the ones obtained from CC substrate.
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Figure 4.10 Representation of the CO, adsorption capacity of MAP modified porous supports as a
function of: (a) amine concentration, and (b) amine surface density.

4.3.3.2 Influence of the temperature

The influence of temperature was studied in the medium and highly loaded
MAP@MCM41 samples (Table 4.2). The effect of increasing the temperature in the CO,
adsorption behavior is two-fold. First, carbamate dissociation, associated with CO,
desorption, is favored due to the exothermic character of the amine-CO, reaction. Second,
CO, diffusivity and accessibility to amine adsorption sites is enhanced, together with
amine chains mobility that reduces pore blocking and, thus, CO, adsorption is favored. For
materials maintaining a significant open pore volume after functionalization (11-
MAP@MCM41 sample in Table 3.4 Chapter III, section 3.3.2.2), the adsorption capacity
decreased from 0.9 to 0.6 mmol g by increasing the temperature from 25 to 45 °C,
indicating that the effect of the shift to the free amine in the carbamate reaction prevailed
over the increase in CO, diffusivity. On the contrary, the increase in the CO, diffusivity
seemed to be the predominant effect occurring in the highly loaded sample 10-
MAP@MCM41, in which the CO, adsorption values increased from 1.0 to 1.3 mmol g at
25 and 45 °C, respectively.

4.3.3.3 Comparison to literature data

Data on CO, adsorption/desorption up to 10 cycles were measured and used to
determine the stability of the supercritically prepared hybrid products. Fig. 4.11 shows the
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measured values for pristine substrates and low, me dium and hi gh amine loaded hybrid
MAP@MCM41 and MAP@CC products. Obtained records revealed that the performance
of the hybrid products was fairly stable and no significant loss in efficiency was observed

for the studied supports.
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Figure 4.11 CO, adsorption at 45 °C in cycles 1-10 for: (a) raw MCM-41, low 1-MAP@MCM41, medium
11-MAP@MCM41 and high 6 -MAP@MCM41 amine lo adings, and (b) raw CC,low 1-MAP@CC,
medium 4-MAP@CC and high 6-MAP@CC amine loadings

The CO, adsorption capacity of supercritically prepared materials was compared with
published ad sorption data for grafted monoaminosilanes sy nthesized using the organic-

liquid approach (Table 4.3).
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Table 4.3 CO, adsorption data compiled from the literature for products involving monoamine loaded into
diverse porous supports: loading degree, reported textural properties of pristine supports and adsorption values

Substrate L Pmolec. P P} CO,'@T 44 Ratio
7] [molec nm'z] [nm] [cm® ’1] [mmol ’I]a., [°C] CO,/amine
Hexagonal silica 1.7 1.0 3 1.0 0.9@20 0.53 [24]
Silica xerogel 1.7 1.3 3 0.7 0.5@25 0.30 [13]
Mesocaged 1.6 1.0 1-4 0.5 0.2@25 0.13 [12]
Silica 1.6 1.0 0.8@70 0.50
Silica gel 40 1.1 1.2 4 0.7 0.7@20 0.64 [11]
Silica gel Davisil 3.6 4.0 6 0.9 0.92@23 0.25 [25]
Silica gel 12 2.1 12 1.4 0.3°@25 0.25 [26]
1.2 2.1 0.2°@50 0.17
Aerogel 3.7 22 20 35 0.5@22 0.14 [27]
Doble-wall 222 3.8% 3-40 1.1 1.0@25 0.45 [26]
silica nanotubes 2.2 3.8 0.8@50 0.36
MCM-48 25 12 26 1.1 0.7°@25 0.28 [28]
2.5 1.2 0.6°@45 0.24
MCM-48 23 1.0 25 1.1 1.1@25 0.55 [29]
SBA-12 2.1 0.9 35 08 1.0@25 0.48 [30]
2.2? 1.0° 1.0@25 0.45
MCM-41 25 1.4 4 0.9 0.6@30 0.24 [18]
MCM-41 2.0 1.4 4 0.6 0.4@30 0.20 [18]
SBA-15 1.9 15 6 0.7 0.5@30 0.26 [26]
SBA-15 26 1.7 6 1.1 0.5@60 0.19 [31]
SBA-15 3.4 23 6 1.1 1.0°@25 0.29 [32]
3.1 2.1% 0.8°@25 0.26
SBA-15 26 2.7 85 1.0 0.9@25 0.32 [33]
Pore expanded 1.6 2.6 13 1.7 0.2@30 0.13 [33]
SBA-15
Pore expanded 4.3 2.3 10 2.3 2.1@25 0.49 [34]
MCM-41

(best reported result) together with adsorption efficiency.
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' AP aminosilane, "MAP aminosilane, pristine supports, *CO, atmospheric adsorption from a mixture of 5-10 v%
of CO, in N,, *CO, atmospheric adsorption at 5-10 kPa.

Data for 3-aminopropylsilane (AP) and MAP were compiled together, since they lead to
similar adsorption results [31]. Most of the literature reported aminosilane loading values
are within the range 1-4 mmol g, corresponding to CO, adsorption values between ca. 0.4
and 1 mmol g”. In Fig. 4.12 the CO, adsorption value for each material in Table 4.3 is
represented as a function of the amine loading (Fig. 4.12a) or the surface amine density
(Fig. 4.12b), as well as the CO, adsorption results (Table 4.2) of the best performing
products synthesized in this work (samples 6-MAP@CC and 10-MAP@MCM41 at 25 and
45 °C). The theoretical adsorption efficiency under dry conditions is limited to 0.5
molcoy/mol,mine[35, 36], which is represented by a solid line in Fig. 4.12a. This value was
calculated for each sample presented in Tables 4.2 and 4.3 (molar ratio CO,/amine) and
represented as a dashed trend line in Fig. 4.12a. Most of the published adsorption
efficiency values are lower than 0.5, as also occurs with the values estimated in this work.
Moreover, Fig. 4.12a points out that the higher the amine loading the higher the separation
between the measured and the theoretical efficiency values. Reasons are related to
diffusion limitations and intra molecular bonding occurring at high amine concentrations,
both decreasing the adsorption efficiency. Analyzing the CO, adsorption data vs. the
amine surface density (Fig. 4.12b), it can be observed that the CO, adsorption for products
with surface densities in the range 1-1.3 molec nm™ was only significant for substrates
with very small pore size (ca. 2.5-3 nm). For these materials, the interaction of amine pairs
for carbamate formation would be favored by the narrow pore size, even at a low surface
density. For materials with pore diameters larger than 3 nm, a high amine surface density

was required to have an appreciable CO, adsorption [33].
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Figure 4.12 Summary of this work (Table 4.2) and literature data (Table 4.3) of the best CO, adsorption
values obtained as a function of: (a) amine specific con centration, and (b) amine surface density. The
open and filled s ymbols r epresent data obtained at low (25-30 °C) and high (> 45 °C) temperature,
respectively. Green triangles represent AP products while blue diamonds correspond to MAP samples.
Samples prepared in this work are represented following the same color code than in Fig. 4.10

4.3.3.4 CO, adsorption and desorption rates

A fast adsorption rate is one of the most i mportant characte ristics expected in any
efficient CO, solid adsorbent. Most of the studies on CO, adsorption kinetics are based on
the analysis of CO, adsorption isotherms measured under equilibrium conditions by fitting
the data to semi-empirical models [37]. However, CO, sorption and separation carried out
in realistic conditions is a dynamic process involving both adsorption, with simultaneous
chemisorption and ph ysisorption, an d desorption pr ocesses. Moreover, it is usu ally
performed in the presence of other light gases. In this work, an estimation of the CO,
adsorption and desorption rates for the supercritically synthesized products was performed
by examining the first recorded curve in the microbalance adsorption/desorption cycles.
First, th e data was s moothed by fitt ing it to em pirical correlations, thus, eliminating
fluctuations du e to measurement instabilities. Figure 4 .13 shows asan example the
recorded curves and the fitted lines for 5 cycles in samples 10 -MAP@MCM41 and 6-
MAP@CC. The cy clic profiles can be divided in three different steps: fast adso rption
occurring in empty adsorbents, slow adsorption occurring close to adsorption equilibrium
and desorption. The slopes of the three different steps were calculated for the samples of
interest and denoted as s, S, and s3.
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Figure 4.13 Cyclic behavior of representative synthesized materials: (a) MAP@MCM41 and (b)
MAP@CC samples. The black lines corresponds to the original recorded curves, while the red lines
are the fitted profiles. Numbers indicate the CO, fast (1) and slow (2) adsorption and desorption (3)
steps.

The influence of the aminosilane loading in the adsorption and desorption rates is
shown in Fig. 4.14a,b for samples MCM-41/MAP and CC/MAP, respectively. The
adsorption rate in the empty hybrid adsorbents increased with the amine loading for both
type of porous substrates. Moreover, it can be observed that, under similar experimental
conditions, adsorption rates in the fast adsorption region for MAP@CC hybrid products
were slightly higher than those found for MAP@MCM41 compounds. The reason of this
behavior is linked with the larger pore diameter of CC silica gel with respect to MCM-41
support, which would facilitate gas diffusion. Contrarily, the slow adsorption rate in the
second step was one order of magnitude higher in MAP@MCM41 samples than in
MAP@CC composites. Indeed, adsorption in this region was only significant for
MAP@MCM41 hybrid products. Analyzing the desorption rate, faster kinetics were
observed for the highly loaded samples, regardless of the used support. Fig. 4.14c shows
the influence of the temperature in the s;, s, and s; values for the 10-MAP@MCM41
sample. Remarkably, the adsorption rate in step 1 was significantly faster at 45 than at 25
°C, with s; values of 0.22 and 0.05 mmol g min™, respectively. For this sample, with a
low open porosity (0.01 cm’ g"), an increase in the temperature favored CO, diffusion,
enhancing the adsorption rate. The slow adsorption and desorption profiles had similar

slopes at both studied temperatures.
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Figure 4 .14 Comparison of the adsorption/desorption pro files of sam ples prepared or m easured under
different experimental conditions: (a) MAP@MCM41 and (b) MAP@CC products with different loadings

at 45 °C, and (c) 10-MAP@MCM41 sample at two different temperatures. Slopes sy, s, and s; are given in

mmol g min™.

4.5 CO; ADSORPTIONO N POLYETHYLENEIMINE FUNCT IONALIZED
SILICA

4.5.1 CO; adsorption isotherms

The p orous sub strates functionalized following the polymerization of eth yleneimine
under compressed C O, are enumerated in the Table 3.6, Chapter III, section 3.4, which
gives the amine loading values and the textural properties. Figure 4 .15 shows the CO,
adsorption isotherms at 25 °C for PEI@MCM41 and PEI@CC samples and bare substrates.
For the functionalized samples there is an increase in the overall adsorption of CO, at 100
kPa higher than 40 % with respect to the bare substrates. Sample 1-PEI@CC in Fig. 4.15b

is an exception for which adsorption is only enhanced by ca. 15 %. For the rest of the

156



Chapter IV ADSORPTION PROPERTIES

functionalized samples there is a noticeable adsorption at low pressures evidencing the

chemisorption due to the interaction between CO, and the amine groups of the polymer.
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Figure 4.15 CO, adsorption isotherms of (a) PElco,@MCM41 and (b) PElc0,@CC substrates at 25 °C.

Figure 4.15a shows the adsorption isotherms of several PEI@MCM41 samples. Sample
1-PEI@MCM41 with the lowest aminopolymer loading (4.6 mmol g') exhibited the
lowest adsorption in the chemisorption region. The adsorption is increased for sample 2-
PEI@MCM41 with a medium aminopolymer loading of 6 mmol g'. The situation is
different for sample 3-PEI@MCM41, containing 8 mmol g” of aminopolymer. Sample 3-
PEI@MCM41 was expected to present higher CO, adsorption than sample 2-
PEI@MCM41. However, the isotherm of sample 3-PEI@MCM41 revealed a lower
adsorption value. It is also very noticeable the decrease in the slope of the physisorption
region. This effect points out the diffusion limitations for CO, molecules occurring in
samples with high aminopolymer loadings, such as sample 3-PEI@MCM41, which
partially block the pores of the substrate hindering the reaction between CO, and the
amines. Consequently, the adsorption by chemisorption is reduced. Moreover, a reduction
in the physisorption induced by pore blocking in the highly loaded sample 3-
PEI@MCM41 can be observed by comparison with sample 2-PElco,@MCM41. The
adsorption isotherms of PEI@CC samples (Fig. 4.15b) show a trend in which the
adsorption values increased with the increase of polymer loading. Sample 3-PEI@CC,
with the highest aminopolymer loading (4.3 mmol g™'), exhibits the highest CO, adsorption

value (1.2 mmol g'). Studied PEI@CC samples presented a similar slope in the
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physisorption cure, indicating that the polymer is not blocking the access of CO, molecules

to the pores

Differences found on the behavior of both studied substrates MCM-41 and CC rely on
their pore diameter. Sample 3-PEI@CC, with the highest aminopolymer loading achieved
for the CC substrate, do not show pore blocking due to its large pore diameter (8.8 nm).
The situation is different for PEI@MCM41 samples, where the pores have only 3.8 nm in
diameter and are easily blocked at high aminopolymer loadings, as occurs with sample 3-

PEI@MCM41.

4.4.1.1 Effect of the temperature on the adsorption

Figure 4.16a shows the CO, adsorption isotherms of high and medium loaded
PEI@MCM41 samples at 25 and 75 °C. Sample 2-PEI@MCM41, containing 6 mmol g
of aminopolymer, exhibits an overall adsorption of 1.56 mmol g at 100 kPa at 25 °C,
which is nearly twice the capacity of the 3-PEI@MCM41 sample (0.89 mmol g") with 8
mmol g of aminopolymer. Increasing the temperature to 75 °C resulted in a significant
enhancement in the CO, adsorption of the highly loaded sample 3-PEI@MCM41 to a
value of 1.43 mmol g"'. The opposite behavior was observed for sample 2-PEI@MM41, in
which the adsorption capacity was reduced to 0.89 mmol g by increasing the temperature.
The increase of the temperature is expected to affect CO, adsorption in two mutually
divergent ways. First, the adsorption capacity is enhanced by increasing polymer mobility
and therefore CO, diffusivity. Second, adsorption is hindered by shifting the equilibrium of
the carbamate formation in the exothermic reaction. For sample 3-PEI@MCM41, with the
pores blocked by the polymer, the increase in CO, diffusivity with temperature seemed to
be the principal effect and, thus, CO, adsorption was enhanced by increasing the
adsorption temperature. In contrast, for sample 2-PEI@MCM41, CO, adsorption
diminished with a similar temperature increase, which fundamentally worked against the

formation of carbamate molecules.

The effect of the temperature on the CO, adsorption was also studied in PEI@CC samples
(Fig. 4.16b). For both samples 2- and 3-PEI@CC with medium and high loading
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aminopolymer values, the overall CO, adsorption decreased when the temperature was
increased from 25 to 50 °C. As shown by the N, adsorption isotherms of these samples,
there isno po re blocking from th e aminopolymer that limits the di ffusion of CO,

molecules. Therefore the increase on the temperature reduces the formation of carbamates,

hence, the chemisorption of CO,.

159 a) g

i

1.04

0.5 __,.-r""?s o

CO; adsorption [mmal g’
1
i
i
i
]
i
L}
i
1
i
i
i
i
1
1
1
]
CO; adsorption [mmol g°)

Pressure [kPa] Pressure [kPa]

Figure 4.16 CO, adsorption isotherms of: (a) PEI@M CM41 and (b) PEI@CC. Isotherms at 25 °C
represented by a continuous line, at 50 and 75 °C by a dashed line. Colors and symbols same as in Fig.

4.15
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4.4.1.2 Differences on the CO, adsorption by CC and MCM-41 samples
The amount of aminopolymer loadings on CC and MCM-41 samples, expressed in

mmol g and in molec nm™s shown in Table 4.4.

Table 4.4 Amine loadings and textural properties of aminopolymer functionalized MCM-41
and CC substrates.

Sample [mmol g']  prgran Sa \£
[molecnm?] [m’g"] [em’g”]

MCM-41 - - 1127 092
I-PEI@QMCM41 4.6 2.5 530 0.40
2-PEI@QMCM41 6.0 3.2 306 0.25
3-PEI@MCM41 8.0 42 50 0.07
cC - 440 0.96
1- PEI@CC 3.0 4.1 307 0.70
2- PEI@CC 3.3 45 251 0.61
3- PEI@CC 43 5.9 234 0.54

Samples 1-PEI@MCM41 and 3-PEI@CC have been chosen for comparison. These
samples have similar concentration of the aminopolymer, with values of 4.6 and 4.3 mmol
g, respectively. However, they have different grafting densities, with values of 2.5 and
4.9 molec nm?, respectively. Figure 4.17 shows the isotherms for both samples recorded
at 25 °C, together with the ones of the bare substrates MCM-41 and CC. It can be observed
that the chemisorption at pressures between 0 and 10 kPa is similar for both samples. The
differences in the overall CO, adsorption comes out from the physisorption step (pressures
above 10 kPa), which for sample 1-PEI@MCM41 is slightly higher than for sample 3-
PEI@MCM41. The difference in the adsorption by physisorption is clearly evidenced by
the isotherms of bare MCM-41 and CC substrates. As both samples contain similar
amounts of aminopolymer in mmol g it can be pointed out that the reaction between CO,
molecules and amine groups from the aminopolymer is independent of the surface area of

the substrate, i.e. grafting density (mmol nm™).
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Figure 4 .17 CO, adsorption isothe rms of 1-PEI@MCM41 and 3-PEl¢o,@CC
samples with loadings of 4.6 mmol g™ and 4.3 mmol g, respectively.

4.4.2 Cyclic performance and separation from N,

Dataon CO, adsorption/desorption upto 10 c ycles were measured and used to
determine th e stabili ty of the pr epared aminopolymer pr oducts. Fig. 4.18 sho ws the
measured valu es for pristine substrates and fo r some synthesized sa mples. Obtained
records revea led that th e performance of the hybrid products was fairly stable and no

significant loss in efficiency was observed for the studied supports.

The behavior observed for samples PEI@MCM41(Fig. 4. 18a) showed was similar to
that described in the CO, isotherms (Fig. 4.15a). The cyclic adsorption temperature was 45
°C instead of the 25 °C used to record the adsorption isotherms, which reduced the overall
adsorption values. Sample 1 -PEI@MCM41 with the lowest loading exhibited the lowest
adsorption. Samples 2- and 3-PEI@MCM41 exhibited similar adsorption values.
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Figure 4.18 CO, adsorption cycles for: (a) PEI@MCM41 and (b) PEI@CC samples performed at 45 °C.

Table 4 .5 provides the adso rption values for the first adsorption/desorption cycle

together with the a mine efficiency for each sample. Amine eff iciencies a re lower, in

general, than for aminosilane functionalized samples. A feasible explanation is related to

the presence of tertiary amines in the PEI polymer, which do not interact with CO, at given

conditions as primary and secondary amines.

Table 4.5 CO, adsorption values obtained from cyclic CO,/N, adsorption process

performed at 45 °C.

CO; ads

molar ratio
CO,/amine

[mmol g’

Sample

MCM-41 45 0.07
1-PEI@MCM41 45 0.26
2-PEI@MCM41 45 0.56
3-PEI@MCM41 45 0.53
CcC 45 0.04
1- PEI@CC 45 0.23
2- PEI@CC 45 0.21
3- PEI@CC 45 0.55

4.4.2.1 CO, adsorption and desorption rates

0.06
0.09
0.07

0.08
0.06
0.13

Figure 4.19 shows the CO, adsorption and desorption cyclic behavior for some of the

functionalized MCM -41 and CC sub strates. The data was smoothed by fi tting it to

empirical correlations, similar to the curves shown in Fig. 4.13. The cyclic profiles were
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also divided in three different steps: fast adsorption occurring in empty adsorbents, slow
adsorption occurring close to adsorption equilibrium and desorption. Slopes of the three

different steps were calculated for the samples of interest and denoted as sy, s, and s;.
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Figure 4 .19 Cyclic beh avior ofre presentative synthesized materials: (a) 2-PEI@MCM41, (b) 3-
PEI@MCMA41, and (c) 3 -PEI@CC samples. The black lines correspond to the original recorded curves,
while the red straight lines are the fitted profiles. Numbers indicate the CO, fast (1) and slow (2) adsorption

and desorption (3) steps.

The influence of the PEI loading in the adsorption and desorption rates is shown in Fig.
4.20a,b for samples PEI@MCM41 and PEI@CC, respectively. The adsorption rate in the
empty hybrid adsorbents in creased with th ¢ amine loading for both type of poro us
substrates. Figure 4 .20a compares the adso rption and desorption for samples?2 -
PEI@MCM41 and 3-PEI@MCM41, with loadings of 6 and 8 mmol g™’ of aminopolymer,
respectively. It can be observed that, under similar experimental conditions, the adsorption
rate in the fast adsorption region for sample 2-PEI@MCM41 was more than two ti mes
higher than for sample 3-PEI@MCM41, as shown by comparing the s; slopes. The reason
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of this behavior is linked to the CO, diffusion limitations occurring in the highly loaded
sample 3-PEI@MCM41. Contrarily, the s, slopes, corresponding to the adsorption rate in
the second step, was four times higher for sample 3-PElco;@MCM41 than for sample 2-
PElco,@MCM41, which exhibited an almost null adsorption. As shown in Fig. 4.20a,
sample 2 -PEI@MCM41, with alo wera mount of aminopolymer thansa mple3 -
PEI@MCM41,adsorbed higher am ounts of CO, in afaster way than sample2 -
PEI@MCM41. Contrarily, the s, slopes, corresponding to the adsorption rate in the second
step, was four times higher for sample 3-PEI@MCM41 than for sample 2-PEI@MCM41,
which exhibited an alm ost null adso rption. After the fa st adso rption step, sample 2 -
PEI@MCM41 exhibited an almost null adsorption. Sample 3 -PEI@CC in Fig. 4.20b
showed a high adsorption rate in the fast adsorption region, even higher than MCM-41
samples. The following regions have slopes similar to sample 2-PEI@MCM.
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Figure 4.20 Comparison of the adsorpti on/desorption profiles o f samples prepared or measured under
different experimental conditions: (a) PEI@MCM41 and (b) PEI@CC products with different loadings at
45 °C. Slopes sy, s, and s; are given in mmol g'1 min.

4.4.2.2 Comparison to literature data

The CO; adsorption capacity of the materials prepared in this thesis was compared with
published ad sorption data for loaded PEI sub strates synthesized using the or ganic-liquid
approach [38, 39] and the chemical vapor deposition [40] (Table 4.6). Samples from the

literature were selected with a wide range of PEI loading values between 2 and 15 mmol g
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! However, in some samples these values have not been reported and are estimated from
the amount of PEI used for the synthesis. Values of CO, adsorption from gas mixtures at

temperatures in the range of 25 to 45 °C are found to be between ca.0.11 and 0.70 mmol g™

The adsorption under pure CO, at atmospheric pressure was between ca.0.44 and 2.5
mmol g'. The wide range of these values is due to the differences in sample loadings and

the adsorption temperature.

The adsorption value of pure CO, at 100 kPa at 75 °C of the sample 3-PEI@MCM41 was
1.45 mmol g, which is comparable to the value for the sample MCM-41-PEI-30 from ref.
[39], 1.56 mmol g, with a similar PEI loading. The comparison of our samples with the
literature for cyclic gas mixture adsorption at 40-45 °C revealed that samples 2- and 3-

PEI@MCM41 have an adsorption two times higher than samples from ref. [38].
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Table 4.6 CO, adsorption data compiled from the literature for products involving PEI loaded into diverse
porous supports.

Substrate Sample Pure C022@100 Gas mixture3(a},Tm,s Ref
kPa@Taqs [mmol g”'|@|°C]
[mmol g"'|@|°C]
MCM-41 1-PEI@MCM41 4.6 1.5@25°C - This
0.91@75°C work
2-PEI@MCM41 6 1.2@25°C 0.57@A45°C This
058@500(: work
3-PEI@MCM41 8 1.0@25°C 0.57@A45°C This
1 34@500C work
1.45@75°C
MCM-41 MCM-41-PEI-15 ~3.5 0.44@75°C - [39]
MCM-41-PEI-30 ~7 1.56@75°C -
MCM-41-PEI-50 ~11.5 2.5@75°C -
1.0@50°C
MCM-41 MCM-41-PEI-10 ~2.3 - 0.11@45°C [38]
MCM-41-PEI-40 ~9.3 - 0.22@40°C
MCM-41-PEI-60 ~14 - 0.20@40°C
SBA-15  S-70C-4-24h 9.7 - 0.43@25°C [40]
AS-50C-4-24h 7.5 - 0.70@25°C
S-70C-1-24h 6.2 - 0.69@25°C

'PEI loading values from TGA and EA. Refs. and [39] do not report this values.?Values of pure CO,
adsorption obtained from isotherms (this work) and TGA measurements. *CO, atmospheric adsorption form a
mixture of 10-15 v% of CO, in N/Ar

4.6 COMPARISON OF THE CO,; ADSORPTION BETWEEN THE
AMINOPOLYMER AND AMINOSILANE SAMPLES

The adsorption of CO; by the aminopolymer is fundamentally different to that of MAP
aminosilane. For the aminosilane, the carbamate formation is not possible if amine groups
are not close enough, hence being the adsorption closely related to the density of amines
per surface area. This was discussed in section 4.3.1 for low loading SG4 and MCM-41
samples and in section 4.3.2, where simulations showed the minimum distance of two
nitrogen molecules to interact with a CO, molecule. The adsorption of PEI samples is

different as the polymer plays the role of a network where amines are close enough to
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interact with CO, even at low densities. The adsorption is dependent on the amount of

polymer per gram of substrate.

4.6.1 Relationship between the adsorption of N, and CO, from aminosilane and

aminopolymer samples

In this section, a comparison of the N, and CO, adsorption results for the MAP and PEI
materials used in this study is established. The relationship between the adsorption results
with N, and CO, allows us to compare the potential applications of the materials in CO,
adsorption and separation processes. Materials with a high preference for CO, adsorption
are more likely to perform well for these processes. Such a relationship can be established
by correlating the N, adsorption at a given pressure with the CO, adsorption at a different
pressure. A similar comparison was made by Yang et al. [41] for H, adsorption at -196 °C

and 25 °C.

For the samples prepared and simulated in this work, the N, adsorption at -196 °C and
1.0 kPa (relative to saturation pressure, P, P/P* = 0.01) as a function of the CO,
adsorption at 25 °C and 70 kPa (P/P*" = 0.01) is plotted in Fig. 4.21. In this representation,
the materials with no significant CO, chemisorption, which are either the pristine
substrates or the products with low MAP loadings, follow a clear trend line, depicted as a
dotted line. The trend line also shows that the models are an accurate representation of the
experimental materials. In all the MCM-41 and SGy studied samples, the symbols
representing the models give similar results and follow the same trend than the
experimental materials. Only the raw silica gel has a slightly higher preference for CO,
adsorption than predicted. The functionalization of SGyy samples with MAP does not
significantly change the amount of either N, or CO,. MAP@MCM41 samples with low
amine loadings decrease both the N, and the CO, adsorption. Materials with higher MAP
show a high preference for CO, over N, adsorption: the reduction in the N, adsorption is
below 4 mmol g and the increase on the CO, adsorption is up to ca. 1.3 mmol g and as
high as 2.0 mmol g"'. The loading of MAP into CC is shown for one of the samples which
reduces the adsorbed N, up to ca. 0.5 mmol g" and increases the CO, adsorption to 1.1
mmol g'. For PEI@MCM41 samples the decrease in the N, adsorption goes from 4 mmol
g to almost null adsorption. The CO, adsorption enhancement is between 1-1.4 mmol g
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PEI@MCM41 samples ex hibiting the lowest N, adsorption values also show the lowest
CO; adsorption due to the diffusion restrictions for CO, molecules occurring at 25 °C. For
PEI@CC samples the decrease in the N, adsorption is similar to PEI@MCM41 samples
although t he increase in the CO , adsorption is m ore moderate. Value s for the CO,

adsorption are found in the range of 0.4 to 1.1 mmol g™

& 10
= ® PELy@MCMa1
o3 MCM-41 ®  PEl@CC
E B :’ & MAP@MCM41
Qo — / O MAP@CC
g 2 B -f‘ ® MAP@SG
E E o ' &  Simulations
B, \'{} SGa -
i apo®
/ 4
S 24 4
4 " & "
: o}
-4 0 . n ; 4
0.0 0.5 1.0 1.5 2.0
CO, adsorbed at 25 °C and 70 kPa

[mmol g™

Figure 4.21 N, storage capacity at -196 °C and 1 kPa as a function of the CO, storage capacity at
25 °C and 70 kPa for experimental MAP and PEI@Substrate experimental samples and molecular
simulations.

4.6.2 Overall CO; adsorption

Figure 4.22 summarizes the CO, adsorption values obtained from the isotherms at 10
kPa and at various temperatures (25,50 and 75 °C). Samples from each substrate are
shown consecutively according to their MAP or PEI loading value (low, medium and high).
The figure evidences the enhancement on the adsorption by samples loaded with different
amounts of both MAP and PEI with respect to their bare sub strates. MAP@SGy, is an
exception for whichM AP loading decreased its CO , adsorption. Sa mple 10-
MAP@MCM41 exhibits the highest CO, adsorption at 25 °C in comparison to the rest of
the products. The substrate CC with high MAP and PEI loadings of 3.1 and 4.3 mmol g™,
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respectively, showed very similar adsorption values of ca. 1.0 mmol g'. For the high
loaded PEI sample, the adsorption decreases with the temperature to values ca. 0.5 mmol
g"'. The MCM-41 substrate loaded with medium values of MAP (1.56 mmol g™') and PEI
(6 mmol g) sho wed similar adsorption values of ¢a.0.8-1.0 mmol g' at 25°C. The

sample with the highest PEI loading showed an increase in the C O, adsorption with the

temperature from ca. 0.8 to ca. 1.4 mmol g™

Comparing CC and MCM-41 substrates, in general MCM-41 gives higher CO, adsorption
values. However, hi gh 10oaded PEI and MAP inthe CC sub strate shows relevant CO,

adsorption at 25 °C which is comparable to the adsorption of PEI@MCM4 1 products and
to medium loaded MAP@MCM41.
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Figure 4.22 Values for the CO, adsorption of S G49, CC and MCM-41 samples functionalized with
MAP and PElcq,. Loading MAP and PEI values increase from le ft to the right for e ach sample.

Values for adsorption are taken from the CO, adsorption isotherms at 10 kPa and at 25 °C. Adsorption
values at 50 and 75 °C are shown for some of the PEl¢q, loaded samples.
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4.7 CONCLUSIONS

The adsorption properties of the supercritically synthesized sorbents were evaluated in
this chapter. For the hydrophobic alkylsilane modified samples the percentage of water
uptake was considerably reduced only for mesoporous samples after silanization (ca. 50%).
The hydrophilicity of the materials was reduced after silanization, but not completely

hydrophobic materials were obtained.

The CO; adsorption properties of the porous systems modified with amines were evaluated
by means of pure CO, adsorption isotherms, adsorption/desorption cycles under gas
mixtures and with the aid of molecular simulations. For samples SG4 and MCM-41 with
MAP loadings of less than 1 mmol/g, the adsorption results suggested that carbamates
were unable to form and the adsorption occurred via physisorption, giving CO, adsorption
values similar to the ones found for their respective pristine supports. The chemisorption
effect was evident only for samples with functionalization degrees of 2 mmol/g. For MAP
functionalized MCM-41 and CC substrates the CO, adsorption values were in line with the
values in the literature. The highest efficiency values for MAP samples were measured for
the medium loaded samples 11-MAP@MCM41 and 12-MAP@MCM41 at 25 °C, and
were in the order of 0.4-0.5. Although the efficiency of the reaction is an important factor
for optimizing the amount of amine employed for gas separation, this value has to be
combined with the total CO, adsorption capacity, which indicates the amount of solid
material required for the separation. In this context, the supercritically synthesized
materials have great potential for industrial use due to their combined high amine loading
and above average efficiency of the reaction. Moreover, synthesized hybrid sorbents had a
high thermal stability. The performance of the hybrid MAP products was very stable in
regard of the CO, adsorption capacity after 10 adsorption/desorption cycles.

Simulated and experimental adsorption results for aminosilane functionalized MCM-41
and SG-40 substrates were compared. The phenomenon of chemisorption, occurring only
for porous materials with high amine density, was corroborated by molecular simulations,
where a distance between amine chains similar to the molecular size of CO, was found for
the materials with a considerable effect of chemisorption. The proximity of neighbor amine

chains is essential to obtain materials with high potential for CO, adsorption and separation.
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Understanding the adsorption mechanism would help to optimize these materials for
maximum economic and environmental benefits. Molecular simulations complemented the
experimental work provided an adequate insight of the adsorption behavior of the materials

and allowing differentiating between physisorbed and chemisorbed CO,.

The CO, adsorption studied on PEI functionalized supports showed the strong
dependence between the aminopolymer density and the temperature at which the CO,
adsorption is performed. It was established that diffusion of CO, molecules on samples
with high aminopolymer loadings of 8 mmol g was enhanced with the temperature and
consequently the overall adsorption. However, chemisorption decreased with the increase
of the temperature, diminishing the overall adsorption in the medium and low loaded
samples. High adsorption values up to 1.5 mmol g" and 1.0 mmol g were found for

PEI@MCM41 and PEI@CC samples at 25 °C, respectively.
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CHAPTER V
GENERAL CONCLUSIONS AND FUTURE WORK

1. ScCO; is a convenient technology for the functionalization with organic molecules of
meso- and microporous materials. The characteristics properties of scCO,, such as the
tunable density, the high diffusivity and the null surface tension, were advantageous for
technology development. Processes were performed at low temperatures (45-130 °C) and
pressures (6-20 MPa) during short processing times (10-300 min). The innovative
components of this work rely not only on the improved characteristics of the processing
method, but also on the superior characteristics of the obtained products, particularly those

related to thermal stability.

2. The scCO, technology is particularly adequated for the functionalization with silanes,
including alkyl- (octyltriethoxysilane) and amino- (methylamino)propyltrimethoxysilane)
silanes, yielding high grafting densities (0.5-5.4 mmol g'). In the particular case of
aminosilanes, it was demonstrated that by controlling the operating conditions of pressure
and temperature the formation of carbamates by reaction between the amine and the CO,
can be avoided, thus, attaining enough solubility of the aminosilane in scCO, to

successfully perform the supercritical functionalization.

3. A new procedure was described to produce hyperbranched PEI by the ring-opening
polymerization of aziridine using compressed CO, simultaneously as the solvent and the
catalyst. An exceptionally fast method, with processing times in the order of minutes, was

designed, giving remarkably high amine contents (3-8 mmol g).

4. Porous silica modified with alkylsilanes showed increased hydrophobicity with
respect to bare materials, although not completely hydrophobic products were obtained.
The functionalized materials were used to validate atomistic models for amorphous porous
silica created in the framework of this thesis. Further, quantitative predictions of the
adsorption were obtained using grand canonical Monte Carlo. This work demonstrates that
even though the models of amorphous hybrid materials require simplifications related to
the cell size and silane polymerization modes, it is possible to use these models to obtain
an adequate insight of what happens in the macroscopic systems. The simulation method
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for the covalent functionalization of silica gel described in this work was found to be more

realistic than the models found in the literature.

6. The amine modified products had an outstanding CO, adsorption capacity at very
low pressures (5-10 kPa), hence, indicating a chemisorption phenomenon, contrarialy to
bare materials that only present physisorption. The phenomenon of chemisorption,
occurring only for porous materials with an amine density higher than 2 mmol g, was
corroborated by molecular simulations, where a minimum distance between amine chains
was calculated for significant CO, adsorption and shown to be similar to the size of the

CO, molecule.

7. The supercritically synthesized aminosilane and PEI materials have great potential
for industrial use in the adsorption of CO,, essentially due to the combined characteristics
of high amine loading and above average efficiency of the reaction. The performance of
the hybrid products was very stable in regard of the CO, cyclic adsorption/desorption

behaviour.

8. The PEI modified silica exhibited a higher density of amino groups than the
aminosilane modified silica. However, the efficiencies were approximately four times
lower for PEI than for aminosilane products, due to the presence of tertiary amines in the
PEI polymer. Tertiary amines do not participate on the chemisorption process, as primary

and secondary amines do.

9. The potential for the adsorption and separation of CO, exhibited by the aminosilica
products studied in this work shows a promising route for developing materials that can

contribute towards the mitigation of anthropogenic emissions by CO, sequestration.
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Further investigation on the scale-up of the supercritical functionalization of
mesoporous silica and other porous matrices with alkylsilanes and amino functional groups
will be necessary for the implementation of the process in a larger scale. Preliminary
results have shown that the ring-open polymerization of aziridine in compressed CO2 can
be carried out at low pressures (2-4 MPa) and ambient temperatures. Hence, it would be
useful to study the optimization of the processes at these mild conditions in order to reduce
the process costs. Open lines of research related to the topic of this thesis are the
preparation of other complex hybrid materials using supercritical CO,. The large catalogue
of silane molecules with a broad range of functional groups opens the possibility of
engineering porous functional materials fitting the requirements of many industrial

applications (catalysts, biomedical devices, drug carriers, gas sensors, etc.).
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