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3D three-dimensional

atm atmosphere
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cryoTEM  cryogenic transmission electron microscopy
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LC-STEM low convergence angle scanning transmission electron microscopy
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PD pore diameter
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PSD pore size distribution

PV pore volume
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RPM rotations per minute

SAXS small angle X-ray scattering

SD standard deviation

SEM scanning electron microscopy

SSA specific surface area

STEM scanning transmission electron microscopy
TEM transmission electron microscopy
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v
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Chapter 1

1.1 Silicates, silica and the sol-gel process

Silicate minerals are the most abundant class of minerals found in the earth’s crust and upper
mantle'. Silicate minerals can occur in many different forms and structures. Common
examples include quartz, feldspar and mica but also as various precious gemstones are part
of the silicate family. The basic structural unit of every silicate mineral is the SiOs
tetrahedron®?. These tetrahedral units can easily link together in a three-dimensional
framework via shared O atoms. If the units are linked together in a dense periodic structure,
the mineral is crystalline. If the units are linked randomly in a non-periodic structure, the
mineral is amorphous®. A schematic representation is shown in Figure 1.1.

Figure 1.1: Schematic two-dimensional representation of (a) crystalline silicates and (b) amorphous silicates. Image
adopted from Bergna®.

Silica is another name for silicon dioxide (SiO,). Some silicate minerals such as quartz are
made up of pure silica but the vast majority contain one or more metal ions'. Synthetic silica,
most notably in the form of amorphous silica nanoparticles, silica gels and zeolites, is
industrially manufactured on an enormous scale. Due to its porous properties it has
widespread applications in fields such as insulation*, coatings®, catalysis®, photonics’,
aerospace® and pharmaceutics’. The global demand for synthetic silica is approximately 3
million tons per year and rising, which makes silica a technologically important material'®.

There are many different ways to manufacture porous silica-based materials but arguably the
most important process is the sol-gel process!!'='3. The sol-gel process involves on the one
hand the condensation and subsequent polymerization of monomers into a suspension of
nanoparticles in a liquid, called a sol. On the other hand, it involves the formation of porous,
interconnected, three-dimension rigid particle networks surrounding a liquid phase, called
gels. The transition of a sol into a gel is called gelation, which is an irreversible process due
to the formation of covalent bonds between the silica nanoparticles.

One of the best known methods to produce silica nanoparticles is the Stober process'4, which
is based on the hydrolysis of tetracthoxysilane (TEOS) in an alcohol in the presence of
ammonia. Via the Stober process it is possible to produce monodisperse nanoparticles in the
range of 5 to 2000 nm". The downside is, however, that Stober silica particles are relatively
expensive to produce. For the bulk manufacturing of silica nanoparticles the acidification of
sodium silicate (water glass) is generally the preferred route because water glass is

2
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inexpensive, abundantly available and can still yield nanoparticles with a relatively narrow
size-range'®. Regardless of the method, the first step in the production of silica nanoparticles
is usually the formation of monosilicic acid, Si(OH)s, see equation (1.1) and equation (1.2),
respectively!”18:

Si(OR), +4H,0 — Si(OH), +4ROH (1.1)
Na,Si0, +H,0+ 2 HCI - Si(OH), +2 NaCl (1.2)

Silicic acid is a weak acid and has a low solubility limit of approximately 70 mg-1-! at 25 °C2.
Above the solubility limit, silicic acid condenses into oligomers by water elimination. In time
these oligomeric structures densify and form colloidally stable primary nanoparticles of
approximately 2.3 nm in diameter. Then, above a critical concentration, these primary
particles form silica nanoparticles via a so called synchronized association processes, see
Figure 1.2%°. Although Figure 1.2 specifically shows TEOS as the starting material, a similar
mechanism takes place when water glass is used as the raw material.

TEOS
Association
Hydrolysis ( \
Condensation [}
4
) Soo ~5.1 nm Growth
(‘e Densification /
J ~1.3 nn'x ‘\"IJ‘ '

>
~23nm

Collapse

L_Y_J L_Y_J AN J
"
“CLOUDS” PRIMARY ASSEMBLIES
PARTICLES

Figure 1.2: Schematic illustration of the formation mechanism of silica nanoparticles starting from TEOS. Image
adopted from Carcouét et al.'.

Silica nanoparticles can easily react and form gels via a polycondensation reaction upon
change of pH, temperature and ionic strength. Under basic conditions, i.e., above the
isoelectric point of silica (pH = 2), the gelation mechanism involves the nucleophilic attack
of a deprotonated silanol group on a neutral silica species, while under acidic conditions, i.e.,
under the isoelectric point, the mechanism involves the nucleophilic attack of a neutral silica
species on a protonated silanol group?, see equation (1.3) and (1.4), respectively:

R ] -
=Si= QJ =5i=OH —— =5i=-0=5i= "IOH
1 H [ - 1 1

\e&5
oH (1.3)
1, _H . H 1 1 ®
—T;l—Q —‘Il—\? R —SIl—O—.?l— H
~_ @H
(1.4)
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Gels formed under basic conditions are often branched and contain mesoporous pore
structures (pore diameters 2 - 50 nm), whereas gels formed under acidic conditions are often

more extended and weakly branched with microporous pore structures (pore diameters < 2
m).

Most gels formed in suspension have a very high total pore volume and surface area but
suffer from a low mechanical strength'3. Removal of the liquid from a gel under normal
conditions results in the shrinkage or collapse of the gel network and the formation of dense
materials, sometimes called xerogels. If the liquid is removed by hypercritical point drying,
the gel network does not shrink and a very porous material is obtained, called an aerogel. If
instead the liquid is removed via freeze-drying, the material is called a cryogel>>!'2!. A
schematic overview of the different routes is shown in Figure 1.3.

VAPOR PHASE LIQUID PHASE
cl OH
cl-Si—ci OH—si—OH
cl OH
DIMER
OLIGOMERS
» GELS oHe? PARTICLE SOLS
g AGGREGATION ~ or _PH>7 GROWTH
o _pH 7-10(w.sales) | | (no sales)
2 «- I |y
s X nm—)
= «— < <] 1nm
g +%4—ﬁ4—1« 5nm ——p
<<
3
. 4—%? «s3 <—o 10nm ——»
DRYING AGGLUTINATION
7@;%930m*
T<Ty |T>Te T<TC
100nm —» COAGULATION | COACERVATION
PRECIPITATION
v \ SOLS J v
FUMED CRYOGELS AEROGELS XEROGELS PRECIPITATED SILICA COACERVATED SILICA
SILICA POWDERS/GELS SILICA POWDERS

Figure 1.3: Schematic overview of the formation of silica sols and gels via condensation-polymerization of silicic
acid. Image adopted from Bergna®.

1.2 Nanoparticle assembly within spherical confinement

One of the foremost features of sol-gel chemistry is that it can be carried out in confined
spaces to create porous materials of different shape, such as thin films??, monolithic rods?,
foams®* or micrometer-sized (hollow) spheres®>2%. In this thesis, we focus specifically on the
formation of porous micrometer-sized spheres, called mesoporous silica microspheres
(MSMs), using water-in-oil (W/O) emulsion droplets as a template to confine the sol-gel

reaction®’-28,

MSMs plays a key role in the pharmaceutical and life sciences industry, where they are used
for the separation and purification of molecules®. Separation is commonly done using a

4
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technique called high-performance liquid chromatography (HPLC). The general principle of
HPLC is simple: a fluid (the mobile phase or eluent) containing the analyte is passed through
a fixed stationary bed (the stationary phase) consisting of MSMs and is separated into
different fractions based on a difference in affinity between the molecules and the MSMs*,
Different molecules require MSMs with different properties such as narrow pore sizes and
high pore volumes. In most industrially relevant processes, however, generic MSMs are
produced which have to undergo multiple time-consuming post-treatment steps to tune the
microsphere properties®' 33, Therefore, it is worthwhile to develop novel manufacturing
processes to tailor-make MSMs that can be specifically tuned to the size and shape of the
molecule of interest.

For the industrial production of spherical materials such as MSMs, emulsion templating is
the standard approach due to scalability and ease of use?’. The use of emulsions as templates
can be roughly divided into methods that are dominated by: 1) the external confinement and
process conditions, i.e., evaporation-driven or entropy-driven colloidal assembly*+*!, and 2)
by the interaction forces between the nanoparticles, i.e., gelation-driven colloidal assembly**
46, The main difference between the two methods is that evaporation-driven assembly usually
leads to more densely packed particles, whereas gelation-driven assembly usually leads to
more porous particles. In most cases the emulsion templated formation of MSMs is a
combination of the two extreme cases and separating their individual effects is difficult
(Figure 1.4). This makes it challenging to get fundamental understanding of the respective
contributions, a problem to be addressed in this thesis.

evaporation-driven intermediate gelation-driven

oil |

emulsion droplet

@

MSM formation

emulsion droplet

@

water evaporation
water uptake
droplet shrinkage
Brownian motion
sol-gel reaction

ReEabad Sl

& & B
& B % ©

Porosity
Figure 1.4: Schematic illustration of the different assembly routes and individual processes that occur during the
formation of MSMs. Left-panel: the two extreme cases, i.e., evaporation-driven and gelation-driven, and
intermediate case in MSM formation. Right-panel: different processes occurring during assembly.
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To the best of our knowledge, nobody has studied MSM formation before as a combination
of both evaporation-driven and gelation-driven assembly. In most fundamental studies only
either one of the methods is used to assemble particles as detailed below.

Evaporation-driven colloidal assembly is generally used to manufacture particles with close-
packed structural motifs, which are sometimes called supraparticles, supracolloids (colloids
of colloids), or supraballs®***!. In this case a suspension of nanoparticles, e.g., a sol, is
dispersed into another liquid to form emulsion droplets and subsequently the carrier liquid is
removed to initiate colloidal assembly*’~#°. While the carrier liquid is evaporated, the droplets
shrink, and the concentration of nanoparticles increases until there is no more free space
between the nanoparticles, and they assemble into a sphere. If the nanoparticles are contained
inside the emulsion droplets, particles with a high packing density can be formed when dried
slowly®%3!, If the nanoparticles adsorb exclusively at the droplet interface, hollow capsules
can be formed>?>**. The internal composition and properties of the formed particles is strongly
dependent on the nature and size of the nanoparticles as well as the drying rate of the emulsion
droplets’’.

In the case of gelation-driven assembly, assembly is initiated by a careful manipulation of
the interaction forces between nanoparticle. By balancing the attractive and repulsive
interactions between particles, the rate of gelation can be tuned and, hence, properties such
as particle porosity can be controlled®>*4>*, Unlike in evaporation-driven assembly, the
carrier liquid is not removed but instead the nanoparticles themselves are interacting with
each other. This can be done by strongly increasing the particle mobility and the particle
“stickiness”, i.e., by increasing the frequency that two particles collide and form irreversible
bonds. To do so, salt can be added to screen the particle surface charges to increase the
particle “stickiness” and the temperature can be increased to increase the particle
mobility’>, In the intermediate case aspects of both methods are combined, i.e.,
manipulation of the interaction forces between nanoparticles by salt addition in combination
with controlled drying.

In summary, MSM formation is a complex process and a deep understanding of the entire
process is required in order to design and synthesize microspheres with tunable properties on
industrially relevant scales.

1.3 Multiscale characterization of MSM formation

The assembly of silica nanoparticles into MSMs spans multiple length scales. In order to
understand and characterize MSMs from the bulk level down to the nanometer scale pore
level, multiple imaging and analysis techniques are required. The main techniques used
throughout this thesis will be briefly introduced below in relation to the MSM formation
process.
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Transmission Electron Microscopy is one of the most powerful tools available for
characterization on the nanometer scale level®’*2, Throughout this thesis TEM is used to
acquire high resolution images of the colloidal silica nanoparticles used as building blocks to
get a basic understanding of their size and shape. As the sols are suspended in a liquid,
imaging in the native state required a special type of TEM called cryogenic TEM (cryoTEM),
wherein the liquid sample is prepared and rapidly cooled by plunge vitrification in liquid
ethane (Figure 1.52)%%, The imaging results are supplemented by scattering techniques such
as electrospray differential mobility analysis (ES-DMA), dynamic light scattering (DLS) and
zeta-potential measurements in order to obtain size distributions of the different sols and to
assess their colloidal stability.

Unlike in TEM where two-dimensional projections of a three dimensional sample are
obtained®¢7, in Scanning Electron Microscopy (SEM) images are obtained directly from the
surface of the material®® 7°. This makes SEM a useful tool for the structural characterization,
i.e., on the size, shape and morphology, of the different MSMs synthesized throughout this
work (Figure 1.5b). Imaging results are supplemented by physical adsorption
(physisorption) measurements in order to classify the different MSMs based on their surface
area, pore volume, average pore sizes and pore size distributions’’2. A proper classification
system is critical for the development of a scalable toolbox for MSMs with tunable properties.

pore and strut
size distribution

local quantification

scalable toolbox
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Figure 1.5: Schematic overview of some of the different characterization tools used throughout this work to study
MSM formation: (a) TEM, (b) SEM, (c) tomography and (d) optical microscopy. Scale-bar in panel d: 20 pm.
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To bridge the gap from bulk to the nanometer pore scale, quantitative electron tomography
is combined with computer simulations. This combination makes it possible to obtain not
only insight into the multiscale pore network of MSMs but also provides information on the
mass transport properties through the porous structures (Figure 1.5¢). Finally, to elucidate
the actual MSM formation process, a microfluidic platform is combined with dynamic time-
resolved optical imaging. This powerful combination enables the study of emulsion droplet
shrinkage under specific experimental conditions and gives qualitative information on the
gelation process and water transport in spherical confinement (Figure 1.5d).

1.4 Thesis outline

The aim of the work described in this thesis is to gain a fundamental understanding of the
entire formation process and characterization of resulting MSMs, including: nanoparticle
gelation, creating an emulsion model system, strategies for the development of a scalable
toolbox of MSMs, a novel multiscale imaging and analysis to characterize MSMs and the
introduction of a microfluidic platform for the synthesis of monodisperse MSMs and a
fundamental understanding of water transport and gelation in confinement. We believe that
the ideas described throughout this work are an important step towards the rational design of
truly hierarchical materials for use in separation, catalysis and other applications.

In Chapter 2 we introduce the colloidal silica building blocks used for the formation of
MSMs and we use the extended version of the DLVO theory to quantitatively describe the
stability of each silica building block and determine the critical salt concentrations to induce
particle aggregation across multiple timescales. For this, a hydration repulsion potential is
added to the classical DLVO theory, which is derived from experimental, macroscopic
gelation experiments. In addition, electrokinetic charge densities are experimentally
investigated as a function of nanoparticle size from zeta-potential measurements. A
combination of cryo transmission electron microscopy, electrospray differential mobility
analysis and dynamic light scattering are used to image and characterize the different
colloidal silica sols.

In Chapter 3 we describe a scalable process to synthesize MSMs with excellent
reproducibility and independent control over pore size and overall porosity via the sol-gel
emulsification of the different colloidal silica building blocks introduced in Chapter 2. By
studying the independent manipulation of different assembly parameters during the sol-gel
process, such as temperature, pressure, water uptake and the addition of salt, we demonstrate
that we can precisely steer and control various porosity characteristics over a wider range
than is shown so far in literature. In contrast with conventionally applied industrially relevant
processes, the presented strategy does not require additional ageing or post-treatment steps
and / or additional template molecules to guide the formation of the porous network.

In Chapter 4 we demonstrate, for the first time, a method to obtain quantitative insight on
the multiscale pore network of (commercial) MSMs similar to those synthesized in Chapter

8



Introduction

3, using a combination of low convergence angle scanning transmission electron microscopy
tomography with lattice Boltzmann simulations. We determine local variations in porosity,
pore size distributions and intraparticle diffusion coefficient on the sub-particle scale that
cannot be obtained otherwise, and show an excellent match between the single particle level
and bulk. To overcome imaging artefacts inherent to imaging micrometer thick samples, i.e.,
local charging effects and the nonlinear relationship between image intensity and sample
thickness, we developed a new correction algorithm in MATLAB based on the near perfect
sphericity of the particles that can easily be expanded to other materials.

In Chapter 5 we study the MSM formation process introduced in Chapter 3 in more detail
using a microfluidic processing route in combination with time-resolved optical imaging. The
effect of different parameters on the kinetics of colloidal assembly in confined spaces are
explored in situ. In addition, a theoretical mass-transfer model is introduced to describe
droplet shrinkage based on the local droplet density and solvent characteristics. The model is
compared to experimental imaging results which were quantified by image analysis and show
an excellent match.

In Chapter 6 we extend the general principles laid out in Chapter 3 to fabricate MSMs with
hierarchical structures, such as multilayered and hollow MSMs. We demonstrate the effect
of fractal silica sols as building blocks on the porosity characteristics of MSMs and compare
the results to conventional MSMs using standard bulk characterization techniques. In contrast
with conventionally used spherical silica sols, MSMs constructed from fractal sols have a
significantly higher microsphere porosity, whilst the perfect spherical shape remains intact.

In Chapter 7 we give a summary of the main results presented in this thesis and conclude
with an outlook. The work described in this thesis gives valuable insight in the underlying
mechanisms of colloidal assembly in spherical confinement and provides the necessary tools
for the microstructural design of tailor-made silica microspheres for use in separation
applications and beyond.
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Chapter 2

Colloidal Silica Stability and Particle Aggregation

Abstract

Colloidal silica nanoparticles (silica sols) are essential building blocks for a wide variety of
functional materials and relevant to many industries including commodity chemicals and
pharma. Assembly of sols into often porous materials, such as the mesoporous silica
microspheres (MSMs) studied in this thesis, proceeds via silica particle aggregation. As
aggregation dynamics strongly depends on the choice of the silica sols, this directly
influences the internal and external morphology of the MSMs that can be obtained.
Therefore, a basic understanding of the size, shape and stability of the silica sols is vital in
order to design and synthesize MSMs with tunable properties. In this chapter, a theoretical
framework is outlined that provides a solid foundation for the sol-gel experiments described
in the remainder of the thesis. Electron microscopy and scattering techniques are used to
characterize in detail the different sols. The stability of the sols is assessed by an extended
version of the DLVO theory and the chapter concludes with an in-depth discussion of particle
aggregation dynamics as a function of salt concentration.

Part of this chapter is published in:

Fijneman, A. J. et al. Multiscale Colloidal Assembly of Silica Nanoparticles into
Microspheres with Tunable Mesopores. Adv. Funct. Mater. 30, 2002725 (2020).
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Chapter 2

2.1 General introduction

A colloidal system is typically defined as a heterogeneous mixture of microscopic particles
in the order of 1 — 1000 nm called colloids (solid, liquid or gas), that are dispersed in a
continuous medium!. Examples include foams (gas in liquid), emulsions (liquid in liquid),
colloidal suspensions or sols (solid in liquid) and aerosols (solid in gas). Unlike solutions,
which are homogeneous mixtures of two or more substances, colloidal systems display the
Tyndall effect, i.e., the scattering of visible light by colloidal particles?. In this work the words
colloidal suspension and (silica) sol are used interchangeably and all refer to a suspension of
silica nanoparticles of variable but well-defined size in water. A sol is considered stable if
the nanoparticles do not settle or aggregate for a certain period of time, typically a day or
longer. Depending on the nature of the particles, a sol can be stable for many years®*.

The stability of sols can be described using the DLVO theory, named after Derjaguin,
Landau, Verwey and Overbeek. The DLVO theory provides a theoretical framework that
describes the interaction potential between two charged surfaces in a liquid medium?. The
interaction potential is a combination of attractive van der Waals interactions and repulsive
electrostatic interactions®. The combination of these interactions leads to a potential energy-
distance profile with, at close separation, a deep minimum, called the primary minimum,
followed by a maximum, called the energy barrier, and sometimes followed by another
minimum, called the secondary minimum (Figure 2.1). The height of the energy barrier
corresponds directly to the probability that a particle-particle collision will lead to particle
aggregation and is determined by physicochemical parameters such as the Hamaker constant,
surface potential, electrolyte concentration and the dielectric constant of the solvent’.
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Figure 2.1: Schematic illustration of an energy-distance profile for the DLVO interaction between two planar
surfaces. Image adopted from Israelachvili®.

The terms aggregation, agglomeration, flocculation, coagulation and gelation are often used
interchangeably but strictly speaking mean different things. Agglomeration and aggregation
are generic terms for the formation of a contiguous cluster of primary particles that are held
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together by physical adhesion forces or chemical bonds. The difference is in the way the
particles are held together. Agglomerates are held loosely together and can usually be broken
up again by, e.g., strong mechanical interactions. Aggregates are held strongly together and
cannot be broken up again. The term flocculation is often used for agglomeration induced by
polymeric agents. Coagulation is agglomeration in liquid dispersions. In sol-gel chemistry,
aggregation, coagulation and gelation are one and the same?.

Most sols become unstable and coagulate when the particles are no longer charged, thus, are
no longer able to repel each other effectively. Silica sols are an exception. Iler showed that a
silica sol can be stable at the point of zero charge (pH 2), even though the nanoparticles don’t
repel each other’. Irreversible particle aggregation only occurs when two nanoparticles form
siloxane bridges between the particles. For the base catalyzed route, which is the preferred
route in this work due to stability reasons, the formation of siloxane bridges is catalyzed by
the presence of hydroxyl ions, which are a function of the pH®. The higher the pH, the more
hydroxyl ions are present and, therefore, the lower the particle stability. However, the surface
charge also increases with increasing pH. At high pH the nanoparticles are highly charged,
which prevents the particles from coming close enough together to actually form siloxane
bridges'®. At the point of zero charge the particles have no charge, but the concentration of
hydroxyl ions is also very low, which explains why the nanoparticles can still be stable
without any electrostatic repulsion. The minimum in stability is reached at pH 6, due to an
increase in hydroxyl ions while the surface charge density is still relatively low. At higher
pH, between 8 and 10.5, the nanoparticles become so highly charged that they effectively
repel each other regardless of the hydroxyl ion concentration. Above pH 10.5 the silica starts
to dissolve. A negatively charged stable silica sol therefore has, by definition, a pH between
8 and 10.5 (Figure 2.2).
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Figure 2.2: Effect of pH on the stability of a colloidal silica sol. Solid lines represent experimental results by Iler*.
Below the point of zero charge (pH 2), the nanoparticles are positively charged. Above the point of zero charge, the
nanoparticles are negatively charged. Between pH 2 and 4 and pH 8 and 10.5 the sols are stable. Shaded areas are
predictions by the DLVO theory. The DLVO theory does not match the experimental results at low pH due to the
role of hydroxyl ions that are not taken into consideration in the DLVO theory. Image adopted from Bergna*.
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In this chapter, a series of silica sol nanoparticles ranging from 4 nm up to 100 nm are
characterized with microscopy and scattering techniques. Electrokinetic charge densities are
experimentally investigated as a function of nanoparticle size from zeta-potential
measurements. The stability of the silica sols is described quantitatively using an extended
version of the DLVO theory. For this, a hydration repulsion potential is added to the classical
DLVO theory, which is derived from macroscopic gelation experiments. The extended
DLVO theory is then used to predict particle aggregation as a function of salt concentration
for every silica sol and an explanation is given for the different rates of destabilization of
each silica sol.

2.2 Characterization of silica nanoparticles

Before the stability of the sols can be described with the DLVO theory, several key properties
must be characterized first. Most important is determining the size of the nanoparticles. There
are several techniques to measure the size and size distribution of silica nanoparticles. Here,
cryogenic transmission electron microscopy (cryoTEM) was used to image the nanoparticles
in their native solution state at high resolution and to measure the size and size distribution
of the five silica sols employed in this thesis. Electrospray-differential mobility analysis (ES-
DMA) and dynamic light scattering (DLS) were also utilized to measure the size distribution
on the bulk scale.

TEM is a powerful technique to image organic or inorganic materials with sub-nanometer
resolution. Samples are generally dispersed on a metal grid covered with a thin carbon layer
as a suspension and subsequently dried in air or by blotting. The sample has to be very thin
(electron-transparent) in order for the electrons to travel through the sample!!"!2, Since drying
can affect the material structure, it can be worthwhile to vitrify the sample in its native state
under cryogenic conditions. In cryoTEM the sample is prepared by plunge freezing the
specimen in liquid ethane, which rapidly cools down the sample. If done correctly, the sample
will be vitrified in a thin, transparent film of amorphous water in the order of 100 - 200 nm
in thickness!>!4,

The high resolution information provided by cryoTEM is particular useful when imaging
silica nanoparticles that are only a few nanometers in size!®. In our case, imaging was
relatively straightforward. Samples were diluted to a silica concentration of approximately 1
wt% using Milli-Q water to prevent particles from overlapping along the sample thickness
and were subsequently vitrified and imaged. The results are shown in Figure 2.3.
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— ) —
100 nm 100 nm

Figure 2.3: CryoTEM micrographs of dilute silica nanoparticles (1 wt%). (a) 4 nm (sol 1), (b) 8 nm (sol 2), (¢) 18
nm (sol 3), (d) 25 nm (sol 4), (¢) 100 nm (sol 5).

Aside from the obvious difference in size between the five silica sols, there are some notable
differences in the shape of the nanoparticles as well. The largest nanoparticles are practically
spherical, whereas the smallest nanoparticles have started to form aggregates. The reason for
this is the low stability of this sol, which will be explained using the DLVO theory later in
this chapter.

For size analysis approximately 300 particles of each sample were analyzed manually by
measuring the longest and shortest axis using an in-house developed MATLAB script. Only
individual distinguishable particles were measured. For the smallest nanoparticles, either
discrete nanoparticles were imaged or particles that could easily be identified within the
aggregates due to differences in contrast. The values of both axes were multiplied and the
square root was taken to obtain a geometrical mean diameter and standard deviation (SD) of
each nanoparticle. A number mean diameter Dp[1,0] and volume mean diameter Dp[4,3] of
the whole population were calculated from:

n

Z DP,i

D,[1,0]=— @.1)
n
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2Dy,
D,[43]=4
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Additionally, the aspect ratio was calculated by dividing the longest axis over the shortest
axis. The results are summed up in Table 2.1. The number mean and volume mean particle
size distributions are shown in Figure 2.4.

2.2)

Table 2.1: Nanoparticle size and aspect ratio as determined via cryoTEM.

sol number mean standard volume mean standard aspect ratio
Dp[1,0] = SD (nm) error Dp[4,3] = SD (nm) error P
1 42+1.0 0.06 49+1.2 0.07 1.36 £ 0.31
2 82425 0.13 10.6 £3.5 0.18 1.31 £0.33
3 17.5+4.6 0.26 21.6+6.1 0.34 1.20+£0.16
4 252+58 0.32 28.8+6.8 0.38 1.13+£0.10
5 954+ 18.3 2.67 102.3+19.6 2.85 1.05+£0.05
a 11 b
1.0 [ Isol1 104 [ Isol1
094 Tl - sol 2 0.9 sol 2
Zoo] D Zos] D
%0.7— sol 5 %0,77 sol 5
8 o6 gos H
g os5q I'-:9;057 w
% 0.4 %04
503 Eosl
= 0.2 IH| 20.2— H
Z:;‘M.. e AN
0 5 10 15 20 25 30 35 40 85 95 105 115 125 0 5 10 15 20 25 30 35 40 85 95 105 115 125
Dp[1,0] particle diameter (nm) Dp[4,3] particle diameter (nm)

Figure 2.4: (a) Number mean Dp[1,0] particle size distribution and (b) Volume mean Dp[4,3] particle size
distribution, determined via cryoTEM. Approximately 300 particles were measured manually per sample.

Measuring particles by hand is a tedious process and may be subject to operator bias. It is
therefore worthwhile to compare the results to other techniques such as electrospray-
differential mobility analysis (ES-DMA) or dynamic light scattering (DLS). In ES-DMA the
colloidal nanoparticles are aerosolized via an electrospray, after which they are charged and
classified based on their electrical mobility using an ion mobility spectrometer. The mobility
of the nanoparticles depends on the particle size and their electrical charge. Two
nanoparticles with the same charge but different sizes will have a different electrical mobility.
For spherical particles the mobility diameter is equivalent to the volumetric particle diameter.
For non-spherical particles, however, the mobility diameter can be a significant

20



Colloidal Silica Stability and Particle Aggregation

overestimation of the actual particle size'®. Here, ES-DMA was used to measure the mobility
particle size distribution of the sols 1-4 and the results were compared to the size distribution
obtained via cryoTEM. The results are summed up in Table 2.2 and shown in Figure 2.5a.

Table 2.2: Nanoparticle size as determined via ES-DMA and DLS, respectively.

sol | mobility diameter + SD (nm) | standard error | Z-average (nm) | standard error
1 155+5.1 0.20 - -
2 11.6+2.9 0.09 - -
3 21.2+48 0.11 - -
4 30.6 6.6 0.21 - -
5 - - 104.1+1.6 0.71
a b 24
0] ——sol1 2 —— sol 5 Intensity
09 sol 2 20 —— sol 5 Volume
= ——sol 3 < 18-
g 081 sol 4 B3
‘é’_ 074 g 169
E 064 g :: :
@ 05 =
N @ 10|
g 047 8 4
2 03] = .l
02 4]
0.1 2
0.0 el e S R e 0 T T T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 1 10 100 1000 10000
Mobility diameter (nm) Particle size (nm)

Figure 2.5: (a) Mobility or volume mean particle size distribution of sol 1 to 4, determined via ES-DMA. (b)
Intensity and volume weighted size distribution of sol 5, determined via DLS.

Since ES-DMA is not suitable to measure large nanoparticles, DLS was used to measure the
size distribution of the sol 5 with the largest nanoparticles. In DLS the intensity of scattered
light is measured as a function of time using a high power, coherent laser. As the particles
move in solution due to Brownian motion, the intensity of the scattered light will fluctuate
due to interference of the light waves. From the intensity fluctuations a diffusion coefficient
of the particles can be calculated, which is related to the hydrodynamic radius of the particles
via the Stokes-Einstein relation!’. An intensity and volume weighted size distribution is
plotted in Figure 2.5b and the Z-average particle size is listed in Table 2.2.

The Z-average is calculated using the following equation!”:
2.4
i=l1

D, = m (2.3)
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Here, ¢; is the scattering intensity of particle 7, and Dp,;is the diameter of particle i.

Aside from sol 1 the results obtained via the two different techniques are quite similar. The
particle size distributions measured via ES-DMA are slightly larger than those measured via
cryoTEM but this can be explained due to the difference between a number weighted size
distribution (via cryoTEM) and a volume weighted size distribution (via ES-DMA). The size
distribution for sol 1 measured via ES-DMA is, however, significantly different. This can be
attributed to the nanoaggregates that are present in this sample. Due to these aggregates the
actual particle size is significantly overestimated by ES-DMA.

2.3 Bulk alkali concentration as a function of pH

All sols used in this work have been adjusted in pH to the stable regime, i.e., pH 8.0 — 10.5,
by the addition of ammonia. The amount of ammonia that is added has a direct effect on the
thickness of the electric double layer. It is therefore important to have an estimate of the
number of ions present in each sol.

Ammonia in water acts as a weak base according to the following equilibrium:
NH,+H,0 & NH,+OH" 24

Depending on the temperature and pH some of the ammonia is converted into ammonium
ions. The ratio of ammonia and ammonium can be related to the pH using the Henderson-
Hasselbalch equation':

[ ]
p[OH] =pKk, +log[ [NH3] j 2.5

in which the base dissociation constant Ky can be derived from the acid dissociation constant
K, and the ionization constant of water K:

pr :pKW _pKa (26)

K, can be calculated using the following equation!®:

K, =5.67x10" exp —6286(1— 1 2.7)
T 298.15

At T=25°C, K, = 5.67x107'% and subsequently pK, = 9.24 and pKy = 4.75.

The ratio of ammonia to ammonium can then be plotted as a function of the pH (Figure 2.6).
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Figure 2.6: Ammonia and ammonium mole fraction as a function of pH at 7= 25 °C.

Figure 2.6 clearly shows that at pH 9.24 the concentration of ammonia is equal to the

concentration of ammonium. The ammonium ion concentration for each sol is shown in
Table 2.3.

Table 2.3: Equilibrium ion concentration of the silica sols.

sol | pH | Canmonia (M) | [NHs]eq | [NHa']eq
1 | 10.1 0.65 0.60 0.08

2 192 0.10 0.05 0.05

3 | 86 0.08 0.01 0.07

4 |91 0.12 0.07 0.07

5| 86 0.02 0.00 0.02

The alkali concentration of sol 1 is significantly higher in comparison to the concentration
for the other sols, which is due to its high specific surface area. Therefore, a higher alkali
concentration is required to bring the sol into the stable pH range. Regardless, all of these
alkali concentrations are relatively low and are not large enough to destabilize the sol due to
shielding of the surface charges'’. In the next section the bulk ion concentration is used to
calculate the thickness of the electric double layer for each sol.

2.4 Electrokinetic charge density as a function of particle size

Each nanoparticle has a certain number of ions near its surface that can interact with the
particle: the electric double-layer. The ions closest to the particle surface are bound to the
particle surface due to electrostatic interactions (Stern layer). Ions further away from the
surface can move around freely (diffuse layer). The distribution of the ions in the diffuse
layer can be described using the Gouy-Chapman theory, which is based on the Poisson—
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Boltzmann equation?*2!. The thickness of the electric double-layer (Debye length, 1/x) can
be calculated from the bulk ion concentration®:

Kk =+2IN, &/ ek, T (2.8)

where [ is the ionic strength of the solution given by:
1
I= EZZ,.ZCiNA (2.9)

where Na is Avogadro’s number, e the elementary charge, ¢go the dielectric constant of the
solvent, kg the Boltzmann constant, 7 the temperature, z; is the valency of ion i and C; the
molar concentration of ion i.

Equation (2.8) shows that the larger the bulk ion concentration, the shorter the Debye length.
This is logical because the more ions are near a charged surface, the more surface charges
are shielded and the more compact the diffuse double-layer becomes. The thickness of the
double-layer for each sol are listed in Table 2.4.

The double-layer is coupled to the bulk liquid via a shear plane, which is at a potential
referred to as the zeta-potential. The zeta-potential cannot be measured directly but it can be
calculated from electrophoretic mobility measurements via the Henry equation®?:

m _2¢e8,8 f(xa) (2.10)
3n

where . is the electrophoretic mobility, { the zeta-potential, f{xa) the Henry function,
wherein xis the inverse Debye length, a the particle radius, and # the viscosity of the medium
at zero shear rate. The other symbols have their usual meaning.

The Henry function depends on the thickness of the Debye length compared to the particle
radius. A simple empirical relation for the Henry function with a relative error of less than
0.1% is given by Swan et al.?*:

16 +18ka +3(xa)’
f(ka)=

= 2.11
16 +18xa+2(xa)’ 210

For xa >> 1, which means a very thin double layer compared to the particle size, f{xa) —
1.5, referred to as the Smoluchowski approximation. For xu << 1, a thick double layer, f{xa)
— 1, referred to as the Hiickel approximation®*.

For all sols the Henry function was calculated using equation (2.11) after which two sets of
ten zeta-potential measurements each were obtained. The average values and corresponding
coefficients of variation are listed in Table 2.4.
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The zeta-potential can be related to the electrokinetic charge density for symmetrical

electrolytes via the empirical relationship proposed by Loeb et al.?>?3:
s Tic| . (C) 4 I
o, =08 _ | 2sinh 4 +—tanh 4 (2.12)
e 2 ) ka 4
= el . . .
with { =—= the dimensionless zeta potential.

B

Note that the electrokinetic charge density is the charge density normalized to the shear plane,
unlike the surface charge density which is the charge density at the actual particle surface®.
The surface charge density, however, cannot be calculated from the zeta-potential directly
because the zeta-potential is not equal to the surface potential. The electrokinetic charge
density gives an indication of the amount of charges on a silica nanoparticle, which originates
from the amount of deprotonated silanol functional groups. The charge density of each
sample was calculated using equation (2.12) and the results are summed up in Table 2.4 and
visualized in Figure 2.7.

Table 2.4: Calculated Debye length, zeta-potential and electrokinetic charge density of each sample.

sol | 1/x(nm) | xa | fixa) | {-potential (mV) | CV (%) | or (mC-m~2?)
1 1.52 1.39 | 1.04 —540+24 4.4 —45.7
2 1.84 222 | 1.07 —-575=+1.5 2.6 —35.5
3 1.66 527 | 1.17 —-39.1+£23 5.8 -20.9
4 1.65 7.63 | 1.22 —-353=+1.5 4.3 -17.9
5 3.17 164 | 1.32 -369+14 3.7 -9.3
0
= Experimental data
Asymptotic Fit
-10
% -204 -
[3)
E
&30
-40
-50 T T T T T
0 20 40 60 80 100 120

Mean sol particle size Dp[1,0] (nm)

Figure 2.7: Electrokinetic charge density as a function of the particle size. Below a particle size of ~ 30 nm the
charge density is strongly dependent on the particle size. Above ~ 30 nm the charge density becomes independent
of the particle size.
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Figure 2.7 clearly shows that the charge density depends on the particle size?®. The larger the
nanoparticle, the lower the charge density. Our results are in good agreement with a
theoretical study by Barisik et al.?’ and an experimental study by Shi et al.?8, who showed
that the charge density is constant for silica nanoparticles above 30 nm and goes down
significantly, i.e., becomes more negative, for silica nanoparticles from 30 nm to 4 nm in
size. This behavior can be attributed to a difference in the type of surface silanol groups
depending on the nanoparticle size. Nanoparticles with a diameter less than 30 have a
relatively high amount of isolated silanol groups that are far apart from each other due to the
large particle curvature. In addition, the nanoparticles used in this work have corrugated
surfaces, as seen in Figure 2.3. This implies that the silanol groups are most likely even
further apart from each other. These isolated silanol groups can easily be deprotonated,
corresponding to a more negative charge density. Nanoparticles with a diameter higher than
30 nm have relatively high amount of vicinal silanol groups, i.e., H-bridged silanol groups,
which are not easily deprotonated®.

2.5 DLVO theory and colloidal stability

With a good estimate of the size, electrolyte concentration and particle charge, the stability
of the sols can be described using the DLVO theory. The classical expression for the
interaction potential is given by®:

Uss(D) =U 4 (D) + U, (D) (2.13)

where U is the interaction potential for two spherical particles at a surface-to-surface
separation distance D, U,aw is the attractive van der Waals interaction potential and Uk, is the
repulsive electrostatic interaction potential caused by the electric double layer of the charged
surface.

The electrostatic interaction potential between two spherical particles can be derived from
the Poisson—Boltzmann equation®®?!, Solving the full nonlinear Poisson-Boltzmann equation
for spherical particles requires complex numerical analysis, which is beyond the scope of this
work. The classical DLVO theory is based on the linearized Poisson-Boltzmann equation
(Debye-Hiickel approximation), for which an analytical solution exist’>*!. An often used
simplified solution for the electrostatic interaction potential between two identically charged
spheres is given by®:

kT
U, (D) =32nace, ( B j 7> exp(—xD) (2.14)
ze

withy = tanh(l/TO/ 4), and where y, = Ie{w;

B

is the dimensionless surface potential.
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Equation (2.14) is, however, too simplified to describe the silica sols used in this work. The
Debye-Hiickel approximation is only valid for low potentials, e|l// | < kyT , which is

approximately 25 mV at room temperature. In addition, this analytical solution uses the
Derjaguin approximation for two spherical particles’?, which is only valid when the particles
are much larger than the electric double layer interaction (xa > 10) and the separation
distances are small*®%,

Since for most particles in this work xa is (much) smaller than 10 and the potentials are
(much) larger than 25 mV, a more complex analytical solution is required. Sader et al.>*
modified equation (2.14) in order to calculate the electrostatic interaction potential between
two identically charged spheres at constant surface potential for any distance regardless of
the particle size, and this expression is valid for moderate to high surface potentials up to
approximately 100 mV:

2

a kT ? ) B
Uel(D)—64n[2a+nggo[z—ej Y?In(1+exp(-xD)) (2.15)

where Y =exp(xD /2)arctanh (exp(—/cD /2) tanh(x//_0 / 4)) .

Equation (2.15) is a good approximation for the exact numerical results of the full Poisson-
Boltzmann equation at constant surface potential>.

It is important to mention that both equation (2.14) and equation (2.15) are derived for simple
symmetrical monovalent electrolytes such as NaCl. The colloidal particles in this work are
ammonia stabilized. Ammonia is not a simple, symmetrical monovalent electrolyte but for
simplicity reasons we assume that ammonia in water takes the form of NH4OH of which the
ion concentration in the bulk solution is known (see previous section). Secondly, the electric
double layer interactions in both equations are based on the surface potential. But since the
surface potential cannot easily be determined experimentally, we assume that the surface
potential is equal to the zeta potential, as is often done in literature®*.

The van der Waals interaction between two identical charged spheres at a separation distance
D can be calculated via the Hamaker equation, which is valid at all separation distances
regardless of the particle size®:

o 2.16)
v 6 |(4a+D)D (2a+D)’ (2a + D)

where Ay is the Hamaker constant, which is 4.6x1072! J for amorphous SiO; in water*®. The
other symbols have their usual meaning.

The particles cannot approach each other infinitesimally close due to short-range Born-
repulsion®’. Below a separation distance of dop = 0.158 nm, the Born repulsion potential is
exceedingly strong, which prevents the particles from coming closer than D = d*.
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By combining equation (2.15) and equation (2.16) a potential energy-distance diagram can
be drawn for each sol (Figure 2.8).
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Figure 2.8: Calculated DLVO potential energy-distance diagrams for (a) the repulsive electric double layer
interaction potential Uy (D) and attractive van der Waals interaction potential U,qw(D) and (b) the total interaction
potential Uss(D) = U(D) + Uyaw(D) of two silica nanoparticles of radius a at a separation distance D. D ~ 0.158 nm
is the minimum equilibrium distance, below which the Born repulsion potential is exceedingly strong.

Sol 2 has an unusual high electric double layer repulsion for its particle size resulting from
the comparatively high Debye length and high zeta-potential. Following equation (2.12) a
high Debye length indicates a high surface potential and subsequently a high electrical
repulsion between the nanoparticles.

Figure 2.8b shows that sol 1 has the lowest maximum energy barrier, sol 2, 3 and 4 have a
similar barrier and sol 5 has the highest energy barrier (not shown due to scale). Aggregation
of particles occurs when two particles can overcome the energy barrier through thermal
agitation, i.e., an increase in Brownian motion and collide so that covalent bonds can be
formed between particles. The probability that this happens decreases exponentially with an
increasing barrier height. Therefore, the higher the energy barrier, the more stable the
colloidal suspension.

The stability of the particles is not only a function of the height of the energy barrier but also
of the viscous interaction between the particles. Stability is defined as the ratio of the fast

(diffusion controlled) aggregation rate constant to the slow aggregation rate constant® 43
T exp(U, (D
2af pw) (gz(z 4:51())2))
W = kfast — OQ() (217)
slow Za.[ﬂ(u) exp(UVdW(?))
o (2a+D)

where f(u) is the hydrodynamic retardation function due to viscous forces:
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(6u+1)(u+2)

2u(3u+2) 218)

pu)=

and u = D/a is the dimensionless distance between the particles.

The stability ratio is the inverse probability of two particles sticking together. The larger the
value for the stability ratio, the lower the probability that two particles permanently stick
together upon colliding and the more stable is the colloidal suspension. The stability ratio for
the silica sols used in this work are listed in Table 2.5.

Table 2.5: Calculated energy barrier and stability ratio from the DLVO theory.

80l | Umax (ksT) | Worvo

1 33 9.9

2 7.4 3.7x102
3 6.4 1.0x10?
4 7.1 1.6x10?
5 37.2 7.6x10

These results show that for sol 1, 1 in 10 particle collisions will result in a permanent bond,
indicating an extremely low particle stability. For sol 5 only 1 in 7.6x10' collisions will
result in a permanent bond, indicating a very high colloidal stability. Although the DLVO
theory is based on a series of assumptions, it can describe the stability of most colloidal
suspension well’. However, it was observed that, with the exception of sol 1, all sols are
stable for several months at room temperature indicating that the DLVO theory does not
accurately predict the stability of the colloidal sols used in this work. This means that the
actual energy barriers of the sols should be significantly higher than predicted by the DLVO
theory. One possible explanation is that the classical DLV O theory does not take into account
so called hydration forces, which play a crucial role close to the particle surface****. Although
these hydration forces are not fully understood, several attempts have been made to include
this phenomena in the classical DLVO theory, which is then called the extended DLVO
theory (XDLVO)38:46:47,

2.6 Extended DLVO theory

The extended DLVO theory includes any particle-particle interactions that are not covered
by the classical DLVO theory. Among these are structural forces (hydration forces, the
hydrophobic effect), Lewis acid/base interactions and steric interactions*®*’. Including every
possible interaction is far too complex and beyond the scope of this work, therefore we limit
ourselves to the hydration force that plays an important role at short particle-particle
separation distances. The XDLVO interaction potential for our system can be written as:
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U (D) =U, 4 (D)+U,(D)+U, (D) (2.19)
where Unya(D) is the repulsion potential due to hydration forces*34°:
Uyo(D) = Fynad® exp((-D/ 2)) (2.20)

where Fj is the hydration force constant, a the particle radius and A the hydration diameter or
decay length of the counter ions.

The decay length 4 is assumed constant at 0.662 nm, which is twice the radius of a hydrated
NH4" ion®°. The hydration force constant Fy depends on the level of hydration of the particle
surface, the species of salt and the salt concentration and usually lies in the range from 10° to
5% 108 N.m—2 48,49,51.

A value for Fy can be estimated based on the gelation time of the different silica sols. The
time it takes for a silica sol to gel corresponds to a certain stability ratio. The stability ratio
corresponds to a certain height of the energy barrier, which is a function of the van der Waals
forces, electrostatic forces and hydration forces. Since the van der Waals forces and
electrostatic forces are known from the regular DLVO equation, a value for Fy can be
obtained by fitting the data.

The gelation time and stability ratio are related via the following relationship*®52;
V. wn

- (2.21)
8¢k, T[(1+c)p/2]""

lgel

with ¢ = 4na*No / 3 and ¢ = (1 — @¢) / ., and where f,1 is the gelation time, ¥}, the volume of
one particle, W the stability ratio, 7 the viscosity at zero shear rate, ¢ the particle volume
fraction, Ny the initial number of particles, ¢. the critical volume fraction for spherical
clusters, which is 0.64, and dr the fractal dimension, which is 1.8 for diffusion limited
aggregation (no salt) and 2.1 for reaction limited aggregation (with salt)’>%*. Based on
equation (2.21) the gelation time of the sols is plotted versus the stability ratio (Figure 2.9).
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Figure 2.9: (a) Gelation time versus stability ratio for every sol. (b) Gelation time versus stability ratio for sol 2 at
different volume fractions.
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Figure 2.9a shows that sol 5 is significantly more stable than the other sols, most notably due
to its large size compared to the other sols. Sol 2, 3 and 4 have roughly the same stability
despite their size differences, which is due to large differences in their particle volume
fraction. A diluted sol is more stable than a concentrated sol, simply because a diluted sol has
less particles that can collide. To illustrate, the stability of sol 2 was plotted at different
volume fractions (Figure 2.9b). From this plot it will be clear that the colloidal stability of a
sol can be greatly increased by dilution.

Experimentally, we have observed that every sol except sol 1 is stable for at least six months
at room temperature, i.e., f,es = 6 months. Based on this observation, a stability ratio can be
calculated and subsequently the minimum required height of the energy barrier that
corresponds to this gel time and a value for F) by fitting the data. The results of this procedure
for sol 1 to 5 are given in Table 2.6. The height of the energy barrier of sol 5 calculated via
the classical DLVO theory was already sufficiently high to correspond to a gel time of > 6
months. For the other sols, the hydration force constant falls well within the range given in
the literature and are of the same order of magnitude as the numbers reported by van der
Linden et al.*® for Ludox colloidal silica.

Table 2.6: Calculated energy barriers to correspond with a gel time of > 6 months.

sol | ¢ Wete | Unax (ksT) | Fo (N-m™)
1 |0.057 | 3.2x10"3 34.1 5.02x107
2 | 0.066 | 5.7x10'2 324 2.24x107
3 | 0.159 | 2.5x10"2 32.5 1.20x107
4 10.232 | 1.6x10"? 32.2 0.85x107
5 10.114 | 6.9x10° - -

To obtain a more exact value for Fy the experimental gelation time was measured for each
sol at different salt concentrations and extrapolated to a value for Fy at zero added salt from
a simple asymptotic fit through the data points. Ammonium acetate was chosen as salt in this
work because ammonium ions are already present in the system and acetate can easily be
removed from the particles by calcination. Gelation can, however, be induced with any salt
species.

Experimental gelation times were measured by filling sample vials with a certain amount of
sol and salt to a total volume of 1 ml. Gelation of the sol was then determined by gently
inverting the vials and observing if the sol still flowed or not. A sample was considered fully
gelled once it completely stopped flowing. Experimental conditions and gelation times are
listed in Table 2.9 in the Materials and methods section. Values for Fiy were then determined
numerically by matching the known gelation time and corresponding stability ratio (from
equation (2.21)) to the height of the energy barrier in the XDLVO theory, and plotted against
the known salt concentration (Figure 2.10). During this procedure the surface potential (zeta
potential) in the XDLVO theory was kept constant for every salt concentration. Formally, the
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surface potential changes as a function of salt, however, this greatly increases the complexity
of the electrostatic potential equation®. Furthermore, as experimental data are leading the
fitted Fo value will necessarily include any deviation in surface potential and therefore
accurately describe the system.

a 50’ b soxto’
4.5x107 = sol1, ¢=0.057 4.5x107 = sol1
sol 2, ¢ =0.066 sol 2
4.0x107 4 = sol3, =0.159 4.0x107 4 " sol3
sol 4, ¢ =0.232 sol 4
74 74
35x10 —— asymptotic fit 35410 sol 5
~3ox0’4 S~ fitat ¢ =0.057 <~ 3.0x107 4 power funtion
I3 , I , ¢ =0.057
Z 251074 Z 251074
< 20x107 o
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Figure 2.10: (a) Hydration force constant F, versus salt concentration for sol 1 to 4. F, decreases with increasing
salt concentration and is only weakly dependent on the particle volume fraction (dashed lines). (b) F versus particle
size at zero salt concentration and ¢ = 0.057. F;, decreases with increasing particle size.

For each sol Fy decreases with increasing salt concentration and can be approximated via a
simple asymptotic fit. Since each sol has a different particle size and different volume
fraction, see also Table 2.1 and Table 2.6, additional lines were plotted for each sol at the
volume fraction of sol 1 (p = 0.057). This shows that Fj is only weakly dependent on the
volume fraction and is strongly dependent on the particle size*®. A possible explanation for
this is that the smaller the nanoparticle, the larger the nanoparticle curvature, i.e., more
isolated silanol groups that can easily be deprotonated, which means a higher surface charge
density and stronger interaction with counter ions near the particle surface. Sol 5 is not shown
in this plot, simply because it does not gel under these conditions. However, a value for Fj at
zero salt concentration can be assumed by extrapolating the data from the other sols. To do
so0, Fp was plotted for ¢ = 0.057 at zero salt versus the particle radius (Figure 2.10b). The data
points can be fitted via a power function. At large particle size Fy becomes more or less
independent of the particle size, which is most likely due to the increasing amount of vicinal
silanol groups on large silica colloids, similar to the electrokinetic charge density plot in
Figure 2.7%,

With a clear relationship between Fy and the salt concentration, the full XDLVO equation
was applied for every sol, resulting in the potential energy-distance diagrams shown in
Figure 2.11. The corresponding parameters are listed in Table 2.7.
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Figure 2.11: Calculated XDLVO potential energy-distance diagrams for: (a) the repulsive electric double layer
interaction potential U (D), attractive van der Waals interaction potential U,qw(D) and hydration repulsion potential
Uhya(D); and (b) the total interaction potential Uss(D) = Ua(D) + Uvaw(D) + Unya(D) of two silica nanoparticles of
radius @ at a separation distance D. D ~ 0.158 nm is the minimum equilibrium distance, below which the Born
repulsion potential is exceedingly strong.

Table 2.7: Calculated energy barrier and stability ratio from the XDLVO theory.

sol | Fo (N~m’2) Umax (ksT) WxbLvo teel (days)
4.28x107 29.3 3.10x10" 2
2.27x107 32.8 8.75%10"? 280
1.19%x107 324 4.60x10' 330
8.98x107 33.8 1.72x10" 1928
3.62x108 73.6 2.05x10% | 5.4x10%

[ ) N OSH N (O

From Figure 2.11 it becomes clear that the hydration potential has a significant contribution
to the total interaction potential at separation distances below 3 nm and scales with the
particle size. With this additional interaction potential, the height of the energy barrier for
each sol is significantly higher compared to the classical DLVO theory and now accurately
describes the stability of the colloidal silica sols. Despite the similar height of the energy
barriers, there are significant differences in the stability of each sol. Sol 1 is least stable at
room temperature and will easily start to form aggregates, as seen before in the cryoTEM
micrographs in Figure 2.3. The other sols are stable for several months and sol 5 is predicted
to be stable indefinitely. Sol 5 has such a high stability because the particles behave like
pseudo-hard spheres. The particles have a high electrostatic repulsion in combination with
very few isolated silanol groups that can easily deprotonate in, which means that two particles
cannot come close enough together to form covalent bonds upon collission?’.
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2.7 Particle aggregation as a function of salt concentration

Salt concentration is the experimental parameter (including temperature) that can be easiest
changed during MSM formation. An in-depth understanding of the effect of salt on particle
aggregation is therefore essential for the following experimental chapters of this thesis.

With the full XDLVO equation the particle gelation time can be plotted versus the salt
concentration and the results can be compared to experimental data points. Since the gelation
time scales inversely with the particle volume fraction, two plots were constructed. One for
each sol at its original volume fraction and one for each sol at a volume fraction of ¢ = 0.057
(Figure 2.12). Sol 5 is not visible in either of these plots because it is too stable under these

conditions.
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Figure 2.12: (a) Gelation time versus salt concentration for sol 1 to 4, calculated from the XDLVO equation
described in the text. (b) Gelation time versus salt concentration at fixed particle volume fraction. #, increases with
decreasing volume fraction.

There is a power law dependence of the gelation time on the salt concentration with exponents
ranging from -2 to -5 (see Table 2.8). The power law exponent becomes more negative as
the nanoparticle size increases (from sol 1 to sol 4) and when the particle volume fraction
decreases. The dependence on the volume fraction is consistent with results reported by van
der Linden et al. for Ludox colloidal silica*®. However, the dependence on the particle size
has not been previously addressed but has important implications on the stability of the sol.
Importantly, sol 4 becomes less stable than sol 2 and sol 3 at high salt concentrations, even
though it is significantly more stable than both sols at low salt concentrations. The same
behavior is found when all sols have the same volume fraction (Figure 2.12b). This implies
that the amount of salt required to induce gelation does not scale linearly with the particle
size and that one should be careful not to add too much salt during the synthesis of MSMs.

We hypothesize that the observed power law dependence is related to the ratio of
protonated/deprotonated silanols on the surface of the nanoparticles, which in turn is related
to the particle curvature. The larger the nanoparticle, the fewer isolated silanol groups are
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present on the nanoparticle surface, which means that there are fewer silanol groups that need
to be shielded at high salt concentrations. Similar behavior was observed while measuring
the electrokinetic charge density, which is based on the same principle. Besides the type of
silanol, the surface silanol density is also expected to be of significant importance on the
gelation behavior of the sols®**%’. However, a detailed investigation of the exact role of the
surface silanol group under different salt concentrations is beyond the scope of this work.

Table 2.8: Power law exponents for the gelation time versus salt concentration.

sol ® Power law exponent
1 | 0.057 -1.46+0.10

2 | 0.066 -3.34+0.02

2 | 0.057 —3.45+0.01

3 |0.159 -3.67+0.01

3 | 0.057 —4.44 +0.01

4 |0.232 —4.13+£0.01

4 10.057 =5.17£0.01

2.8 Conclusions

In summary, an extended version of the DLVO theory is used as a theoretical framework to
quantitatively describe the stability of colloidal silica sols with particle sizes ranging from 4
to 100 nm in diameter. It is shown that the electrokinetic charge density strongly depends on
the particle size but only for particles with a diameter of less than 30 nm. Particle aggregation
is described as a function of salt concentration and it is shown that the rate of destabilization
is related to the particle size and particle volume fraction. With increasing average size of the
nanoparticles, they destabilize faster with increasing salt concentration. We believe that this
behavior shares the same theoretical basis as the electrokinetic charge density dependence on
the particle size, which is based on the ratio of protonated/deprotonated silanol groups on the
surface of the nanoparticles. The theoretical framework outlined in this chapter provides a
solid foundation for the sol-gel experiments performed in the rest of the thesis. Predicting
particle aggregation behavior for silica sols of various sizes over a wide range of experimental
conditions is one of the most important aspects of the synthesis of MSMs with tunable
properties.

2.9 Materials and methods

Materials

The colloidal silica sols used in this work were provided by Nouryon Pulp and Performance
Chemicals AB, Sweden and consist of colloidal silica nanoparticles of different sizes and
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concentrations in water. All sols are ammonium stabilized, which means they have been
brought to a pH of 8.0 — 10.5 by the addition of ammonia (25% w/w Scharlau). A 5 M stock
solution of salt was prepared of ammonium acetate (Merck). All chemicals were used as
received without further purification. Unless otherwise stated all water used in this work was
deionized by a Milli-Q Advantage A10 system (Merck Millipore) and had an electrical
resistivity of 18.2 MQ-cm at 25 °C.

Nanoparticle characterization

The particle volume fraction of the sols was determined using X-ray fluorescence
spectroscopy (Philips MagiX PW2424), the size distribution was determined via electrospray
differential mobility analysis (TSI macroIMS 3982) and dynamic light scattering (Malvern
Zetasizer Nano ZS), the pH of the sols was measured using a calibrated pH electrode (Jenway
3510 pH meter) and the bulk ammonia concentration of each sol was determined via titration.

Electrophoretic mobilities were measured using a Malvern Zetasizer Nano ZS equipped with
a 4 mW, 633 nm He-Ne laser. Measurements were performed using disposable
polycarbonate folded capillary cells (Malvern DTS1070). The cells were rinsed with Milli-
Q water prior to use. All measurements were performed at 25 °C and the samples were
equilibrated for 120 s. The measurements were performed with automatically optimized
conditions by the equipment while the voltage was fixed at 25 V. Electrophoretic mobilities
were converted into zeta potentials post-measurement using the Henry equation.

CryoTEM micrographs were recorded with the TU/e CryoTitan electron microscope
(Thermo Fisher Scientific) operating at 300 kV in bright-field TEM mode with an image
sampling of 2048 x 2048 pixels (pixel size 0.387 nm-px!). The silica sols were diluted to
approximately 1 wt% with Milli-Q water and applied on copper TEM grids (QUANTIFOIL®
R 2/2, Cu 200 mesh - Quantifoil Micro Tools). The grids were surface plasma treated for 40
s using a Cressington 208 carbon coater prior to use. The samples were then vitrified by
plunging them into liquid ethane using an automated vitrification robot (FEI Vitrobot Mark
III).

Particle size analysis was performed in MATLAB R2016 using an in-house developed
Matlab script. The script requires the long and short axes of particles to be defined by
manually clicking at the corresponding edge of the particle in the image. Subsequently, the
pixel positions are converted into distances using the magnification calibration of the
corresponding Digital Micrograph image file. Approximately 300 particles were analyzed
per sample. The reported values are the geometrical mean between the longest and shortest
axes.
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Gelation experiments

Nanoparticle gelation was determined macroscopically. Sample vials were filled with silica
sol and salt to a volume of 1 ml. The salt solution was always added last and all vials were
shaken vigorously by hand for 10 s after the addition of salt. The gelation time was then
determined by repeatedly gently inverting the sample vials to observe if the sol still flowed
or not. A sample was considered fully gelled once it completely stopped flowing. No
correlation was observed between the number of times a sample was inverted and its impact
on the gelation time. Experimentally observed gelation times versus salt concentrations for
each sol are listed in Table 2.9.

Table 2.9: Experimental gelation time versus salt concentration for sol 1 to 4.

sol 1 sol 2 sol 3 sol 4

C (M) | tger (min) | C (M) | tgel (min) | C (M) | tget (min) | C (M) | tge (min)
0.44 0.5 1.25 1.5 1.08 1.75 0.84 0.5
0.39 0.75 0.95 2 0.77 4 0.65 2
0.35 1 0.67 3.5 0.65 6 0.53 5.5
0.30 2 0.62 4 0.59 9 0.47 9
0.26 4.5 0.57 5.5 0.48 18 0.41 18.5
0.19 34 0.52 7.5 0.43 27 0.38 35
0.14 115 0.47 10 0.35 71 0.36 55
0.12 308 0.42 15 0.33 90 0.32 107

0.37 24 0.30 148 0.30 182

0.33 41 0.27 226 0.18 9210

0.30 55 0.17 5280

0.29 60

0.27 92

0.26 112

0.24 168

0.14 3717

2.10 References

1. Everett, D. H. Manual of Symbols and Terminology for Physicochemical Quantities
and Units, Appendix II: Definitions, Terminology and Symbols in Colloid and
Surface Chemistry. Pure Appl. Chem. 31, 577-638 (1972).

2. Babick, F. Suspensions of Colloidal Particles and Aggregates. (Springer
International Publishing, 2016). doi:10.1007/978-3-319-30663-6.

3. ller, R. K. The Chemistry of Silica. (John Wiley & Sons, Inc., 1979). ISBN:
047102404X.

37



Chapter 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

38

Bergna, H. E. The Colloid Chemistry of Silica. Advances vol. 234 (American
Chemical Society, 1994). doi: 10.1021/ba-1994-0234.

Derjaguin, B. V., Churaev, N. V. & Muller, V. M. The Derjaguin—Landau—
Verwey—Overbeek (DLVO) Theory of Stability of Lyophobic Colloids. in Surface
Forces (ed. Churaev, N. V.) 293-310 (Springer US, 1987). doi:10.1007/978-1-4757-
6639-4 8.

Israelachvili, J. N. Electrostatic Forces between Surfaces in Liquids. in
Intermolecular and Surface Forces 291-340 (Elsevier, 2011). doi:10.1016/B978-0-
12-375182-9.10014-4.

Birdi, K. S. Introduction to Surface and Colloid Chemistry. in Handbook of Surface
and Colloid Chemistry 110-123 (CRC Press, 2016). doi: 10.1201/b18633-5.
Israelachvili, J. N. Van der Waals Forces between Particles and Surfaces. in
Intermolecular and Surface Forces 253-289 (Elsevier, 2011). doi:10.1016/B978-0-
12-375182-9.10013-2.

Heston, W. M., ller, R. K. & Sears, G. W. The Adsorption of Hydroxyl Ions From
Aqueous Solution on the Surface of Amorphous Silica. J. Phys. Chem. 64, 147-150
(1960).

Otterstedt, J.-E. & Brandreth, D. A. Surfaces of Small Particles. in Small Particles
Technology 235-326 (Springer US, 1998). doi:10.1007/978-1-4757-6523-6.
Williams, D. B. & Carter, C. B. The Transmission Electron Microscope.
Transmission Electron Microscopy: A Textbook for Materials Science (Springer US,
2009). doi:10.1007/978-0-387-76501-3 1.

van Tendeloo, G., Van Dyck, D. & Pennycook, S. J. Handbook of Nanoscopy.
(Wiley-VCH Verlag GmbH & Co. KGaA, 2012). doi:10.1002/9783527641864.
Vos, M. R., Bomans, P. H. H., Frederik, P. M. & Sommerdijk, N. The Development
of a Glove-Box/Vitrobot combination: Air-Water Interface Events Visualized by
Cryo-TEM. Ultramicroscopy 108, 1478—1483 (2008).

van Huis, M. A. & Friedrich, H. Electron Microscopy Techniques. in Nanoparticles
191-221 (Springer Berlin, 2014). doi:10.1007/978-3-662-44823-6 7.

Carcouét, C. C. M. C. et al. Nucleation and Growth of Monodisperse Silica
Nanoparticles. Nano Lett. 14, 1433—-1438 (2014).

Guha, S., Li, M., Tarlov, M. J. & Zachariah, M. R. Electrospray-Differential Mobility
Analysis of Bionanoparticles. Trends Biotechnol. 30, 291-300 (2012).

Schartl, W. Light Scattering from Polymer Solutions and Nanoparticle Dispersions.
(Springer Berlin, 2007). doi:10.1007/978-3-540-71951-9.

de Levie, R. The Henderson-Hasselbalch Equation: Its History and Limitations. J.
Chem. Educ. 80, 146 (2009).

Bates, R. G. & Pinching, G. D. Dissociation Constant of Aqueous Ammonia at 0 to
50° from E. m. f. Studies of the Ammonium Salt of a Weak Acid. J. Am. Chem. Soc.
72, 1393-1396 (1950).

Sogaard, C., Funehag, J. & Abbas, Z. Silica Sol as Grouting Material: a Physio-
chemical Analysis. Nano Converg. 5, 6 (2018).

Zhang, H., Hassanali, A. A., Shin, Y. K., Knight, C. & Singer, S. J. The Water-
Amorphous Silica Interface: Analysis of the Stern Layer and Surface Conduction. J.
Chem. Phys. 134, 024705 (2011).

Hunter, R. J. The Calculation of Zeta Potential. in Zeta Potential in Colloid Science
(ed. Hunter, R. J.) 59-124 (Elsevier, 1981). doi:10.1016/B978-0-12-361961-
7.50007-9.



Colloidal Silica Stability and Particle Aggregation

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Swan, J. W. & Furst, E. M. A Simpler Expression for Henry’s Function Describing
the Electrophoretic Mobility of Spherical Colloids. J. Colloid Interface Sci. 388, 92—
94 (2012).

Makino, K. & Ohshima, H. Electrophoretic Mobility of a Colloidal Particle with
Constant Surface Charge Density. Langmuir 26, 1801618019 (2010).

Jalil, A. H. & Pyell, U. Quantification of Zeta-Potential and Electrokinetic Surface
Charge Density for Colloidal Silica Nanoparticles Dependent on Type and
Concentration of the Counterion: Probing the Outer Helmholtz Plane. J. Phys. Chem.
C 122, 44374453 (2018).

Abbas, Z., Labbez, C., Nordholm, S. & Ahlberg, E. Size-Dependent Surface
Charging of Nanoparticles. J. Phys. Chem. C 112, 5715-5723 (2008).

Barisik, M., Atalay, S., Beskok, A. & Qian, S. Size-Dependent Surface Charge
Properties of Silica Nanoparticles. J. Phys. Chem. C 118, 1836—-1842 (2014).

Shi, Y. R, Ye, M. P, Du, L. C. & Weng, Y. X. Experimental Determination of
Particle Size-Dependent Surface Charge Density for Silica Nanospheres. J. Phys.
Chem. C 122, 23764-23771 (2018).

Kamiya, H., Mitsui, M., Takano, H. & Miyazawa, S. Influence of Particle Diameter
on Surface Silanol Structure, Hydration Forces, and Aggregation Behavior of
Alkoxide-Derived Silica Particles. J. Am. Ceram. Soc. 83, 287-293 (2000).

Bell, G. M., Levine, S. & McCartney, L. N. Approximate Methods of Determining
the Double-Layer Free Energy of Interaction between Two Charged Colloidal
Spheres. J. Colloid Interface Sci. 33, 335-359 (1970).

Russel, W. B., Saville, D. A. & Schowalter, W. R. Electrostatics. in Colloidal
Dispersions 88—126 (Cambridge University Press, 1999).

Derjaguin, B. Untersuchungen iiber die Reibung und Adhésion, IV. Kolloid-
Zeitschrift 69, 155-164 (1934).

McCartney, L. N. & Levine, S. An Improvement on Derjaguin’s Expression at Small
Potentials for the Double-Layer Interaction Energy of Two Spherical Colloidal
Particles. J. Colloid Interface Sci. 30, 345-354 (1969).

Sader, J. E., Carnie, S. L. & Chan, D. Y. C. Accurate Analytic Formulas for the
Double-Layer Interaction between Spheres. J. Colloid Interface Sci. 171, 46-54
(1995).

Nguyen, A. V., Evans, G. M. & Jameson, G. J. Electrical Double-Layer Interaction
between Spherical Particles. in Encyclopedia of Surface and Colloid Science 630—
641 (CRC Press, 2012).

Bergstrom, L. Hamaker Constants of Inorganic Materials. Adv. Colloid Interface Sci.
70, 125-169 (1997).

Feke, D. L., Prabhu, N. D., Mann, J. A. & Mann, J. A. A Formulation of the Short-
Range Repulsion Between Spherical Colloidal Particles. J. Phys. Chem. 88, 5735—
5739 (1984).

van Oss, C. J. The Extended DLVO Theory. in Inferface Science and Technology
vol. 16 31-48 (2008).

Reerink, H. & Overbeek, J. T. G. The Rate of Coagulation as a Measure of the
Stability of Silver lodide Sols. Discuss. Faraday Soc. 18, 74 (1954).

McGown, D. N. L. Improved Theoretical Calculation of the Stability Ratio for
Colloidal Systems. J. Phys. Chem. 71, 449—450 (1967).

Spielman, L. A. Viscous Interactions in Brownian Coagulation. J. Colloid Interface
Sci. 33, 562-571 (1970).

39



Chapter 2

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

40

Honig, E. P., Roebersen, G. J. & Wiersema, P. H. Effect of Hydrodynamic Interaction
on the Coagulation Rate of Hydrophobic Colloids. J. Colloid Interface Sci. 36, 97—
109 (1971).

Ohshima, H. Approximate Analytic Expression for the Stability Ratio of Colloidal
Dispersions. Colloid Polym. Sci. 292, 22692274 (2014).

Marcelja, S. & Radi¢, N. Repulsion of Interfaces due to Boundary Water. Chem.
Phys. Lett. 42, 129-130 (1976).

Israelachvili, J. & Wennerstrom, H. Role of Hydration and Water Structure in
Biological and Colloidal Interactions. Nature 379, 219-225 (1996).

Yotsumoto, H. & Yoon, R.-H. Application of Extended DLVO Theory. J. Colloid
Interface Sci. 157, 434-441 (1993).

Grasso, D., Subramaniam, K., Butkus, M., Strevett, K. & Bergendahl, J. A Review
of non-DLVO Interactions in Environmental Colloidal Systems. Rev. Environ. Sci.
Bio/Technology 1, 17-38 (2002).

van der Linden, M. et al. Microscopic Origin of the Hofmeister Effect in Gelation
Kinetics of Colloidal Silica. J. Phys. Chem. Lett. 6, 2881-2887 (2015).

Trompette, J. L. & Clifton, M. J. Influence of lonic Specificity on the Microstructure
and the Strength of Gelled Colloidal Silica Suspensions. J. Colloid Interface Sci. 276,
475-482 (2004).

Volkov, A. G., Paula, S. & Deamer, D. W. Two Mechanisms of Permeation of Small
Neutral Molecules and Hydrated Ions Across Phospholipid Bilayers.
Bioelectrochemistry Bioenerg. 42, 153—160 (1997).

Jia, Z. et al. A Generalized Model for the Stability of Polymer Colloids. J. Colloid
Interface Sci. 302, 187-202 (2000).

Zaccone, A., Crassous, J. J. & Ballauff, M. Colloidal Gelation with Variable
Attraction Energy. J. Chem. Phys. 138, 104908 (2013).

Lin, M. Y. et al. Universal Diffusion-Limited Colloid Aggregation. J. Phys.
Condens. Matter 2, 3093-3113 (1990).

Lin, M. Y. et al. Universal Reaction-Limited Colloid Aggregation. Phys. Rev. A 41,
2005-2020 (1990).

Ninham, B. W. & Parsegian, V. A. Electrostatic Potential between Surfaces Bearing
Ionizable Groups in Ionic Equilibrium with Physiologic Saline Solution. J. Theor.
Biol. 31, 405-428 (1971).

Branda, M. M., Montani, R. A. & Castellani, N. J. The Distribution of Silanols on
the Amorphous Silica Surface: a Monte Carlo Simulation. Surf. Sci. 446, L89-1.94
(2000).

Zhuravlev, L. T. The Surface Chemistry of Amorphous Silica. Zhuravlev Model.
Colloids Surfaces A Physicochem. Eng. Asp. 173, 1-38 (2000).



Chapter 3

Multiscale Colloidal Assembly of Silica
Nanoparticles into Microspheres with Tunable
Mesopores

Abstract

Colloidal assembly of silica (nano)particles is a powerful method to design functional
materials across multiple length scales. Although this method has enabled the fabrication of
a wide range of silica-based materials, attempts to design and synthesize porous materials
with a high level of tuneability and control over pore dimensions have remained relatively
unsuccessful. Here, the colloidal assembly of silica nanoparticles into mesoporous silica
microspheres (MSMs) is reported using a discrete set of silica sols within the confinement of
a water-in-oil emulsion system. By studying the independent manipulation of different
assembly parameters during the sol—gel process, a design strategy is outlined to synthesize
MSMs with excellent reproducibility and independent control over pore size and overall
porosity, which does not require additional ageing or post-treatment steps to reach pore sizes
as large as 50 nm. The strategy as presented here can provide the necessary tools for the
microstructural design of the next generation of tailor-made silica microspheres for use in
separation applications and beyond.

This chapter is based on published work:

e Fijneman, A. J. et al. Multiscale Colloidal Assembly of Silica Nanoparticles into
Microspheres with Tunable Mesopores. Adv. Funct. Mater. 30, 2002725 (2020).

e Fijneman, A. J. et al., Porous Silica Particles (Nouryon Chemicals International B.V.)
filed EP 19177278.9 (2019).
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3.1 General introduction

Mesoporous silica microspheres (MSMs) have long been used as the stationary phase in high
performance liquid chromatography (HPLC) for the separation and purification of molecules
due to their versatile and tunable properties!2. Silica microspheres have good mechanical
strength, high thermal and chemical stability and they can easily be modified with many
different surface-active groups®. However, not all types of molecules can be separated
efficiently with the MSMs that are commercially available today. An important yet
notoriously difficult class of molecules to separate are biomacromolecules such as peptides
and antibodies, mainly due to their large size and diverse properties*®. Separation of this class
of molecules depends upon the availability of MSMs that can be specifically tuned to the size
and shape of the macromolecule of interest, thus, requiring new technologically scalable
approaches for manufacturing.

To this end, we focus on creating MSMs with highly tunable porosity characteristics, i.e.,
pore size, pore volume and surface area, by sol-gel emulsion chemistry that is both versatile,
easily reproducible and scalable. The sol-gel reaction, i.e., the transformation of a suspension
of silica nanoparticles (sols) into gels, can easily be trigged upon change of pH, temperature
or ionic strength®’. Typical precursor solutions include tetraethyl orthosilicate (TEOS)®!3 or
sodium silicate (waterglass)'*!5, but in this work discrete silica nanoparticles are used as
building blocks to form the gel. There are several benefits of using well-defined nanoparticles
to form a gel. Gels made from particles do not need additional template molecules to guide
the formation of a porous network, have great flexibility in terms of microstructural design
and process scalability and most importantly, allow a high level of control over the reaction.

To attain MSMs, the sol-gel reaction is confined within emulsion droplets. Emulsions are
ideal systems to synthesize particles with a well-defined shape and an internal composition
defined by the confined nanoparticle building blocks. There are various approaches to use
emulsions to create higher order assemblies which can be roughly divided into methods that
are dominated by: 1) the external confinement and process conditions, i.e., evaporation-
driven colloidal assembly'®?4 and 2) by the interaction forces between the nanoparticles,
i.e., entropy-driven or gelation-driven colloidal assembly?>?°. In evaporation-driven
assembly the nanoparticles are forced into close contact by gradually removing the carrier
liquid until the (nano)particles assemble into larger assemblies, which are sometimes called
supraparticles, supracolloids or supraballs?>?*, In gelation-driven assembly the nanoparticles
are assembled into supraparticles by screening of the nanoparticle surface charges and by
increasing the frequency of nanoparticle-nanoparticle collisions. The main difference
between the two methods is that evaporation-driven assembly usually leads to densely packed
supraparticles, whereas gelation-driven assembly usually leads to porous supraparticles such
as MSMs.

Due to current limitations in tuning the porosity characteristics during MSM synthesis, in
many conventionally applied industrially relevant processes the as-gelled silica microspheres
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have to undergo one or multiple ageing or post-treatment steps*®*!. A common ageing step
that is frequently used is Ostwald ripening. In Ostwald ripening the gelled microspheres are
immersed in a liquid in which they are soluble and are heated to high temperatures for
prolonged times in a sealed reactor. Material on the surface is then slowly dissolved and
precipitated into regions of negative curvature, i.e., in between the necks between the
nanoparticles and inside small pores. The result is a decrease in surface area and an increase
in average pore size’>**. This is a time-consuming process and although successful, it also
leads to significantly wider pore size distributions as compared to MSMs that have been
directly synthesized*.

In this work, we describe how to create MSMs with a highly tunable porosity characteristics
using a limited set of discrete silica sol particles as building blocks confined within water-in-
oil (W/O) emulsion droplets. We show that, by the choice of silica sol and mixtures thereof,
careful manipulation of the gelation rate of the sol nanoparticles and the processing
conditions, we can vary the surface area, pore volume and average pore diameter of the
MSMs over a much wider range than has been shown so far in literature. The presented
approach does not require additional post-treatment steps such as ageing and is expected to
ensure availability of MSMs for efficient separation of a wide variety of biomacromolecules
in future.

3.2 General mechanisms of microsphere formation

Perfectly spherical MSMs were synthesized via a protocol inspired by literature'®*-37, In

general, a W/O emulsion was prepared by adding a colloidal silica sol to an external oil phase
containing emulsifier under rapid stirring. After emulsification the gelation of the sol
particles into MSMs was induced by either shrinking the emulsion droplets (dewatering)
under vacuum conditions (evaporation-driven assembly) or by minimizing the water uptake
of the oil phase and greatly increasing the reaction temperature in combination with high
concentrations of salt (gelation-driven assembly). In this work water uptake is defined as the
increase in storage capacity of the oil phase as a function of temperature above its saturation
point at room temperature. After gelation the microspheres were removed from the oil phase
via filtration and were subsequently dried and calcined to remove any organic residue still
present in the MSMs. More detailed information can be found in the materials and methods
section and Appendix section 3.1.

We hypothesize that MSM formation is dependent on two main parameters: (1) the rate of
sol particle gelation 74 modulated by the sol particles used as building blocks and by the
reaction conditions and (2) the rate of emulsion droplet shrinkage rwrink due to dewatering of
the droplets. A proposed mechanism is shown in Figure 3.1.
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Figure 3.1: Proposed mechanism for the formation of MSMs. (a) cryoTEM image of an aqueous colloidal silica
sol. (b) Schematic representation of the pore structure that is formed inside the emulsion droplet during the gelation
process. The microsphere porosity can be modulated by the gelation rate of the particles 74 and the shrinkage rate
of the droplets 7gink. (€) SEM image of an MSM after calcination.

At the start of the process, the colloidal silica particles are randomly distributed throughout
the emulsion droplets. Then, depending on how quickly the sol particles within these droplets
gel and how quickly water is transported out of the droplets, the resulting microspheres can
either become very porous, very dense or anywhere in between. If the gelation of the sol
particles occurs significantly faster than the shrinking of the droplets (7gel >> Fhrink), 1.€., When
there is no shrinkage of the droplets and the assembly process is completely gelation-driven,
the resulting microspheres can be very porous with a porosity as high as high as ¢ =0.70 and
in theory as high as the total fraction of water in the sol. If the droplet shrinkage rate is
significantly faster than the gelation rate (rgel << Fshrink), 1.€., €vaporation-driven assembly,
the sol particles are compressed into dense spheres, with a porosity as low as ¢ = 0.30.
Microsphere porosities in-between these two values are achieved by a careful balance
between the gelation rate and droplet shrinkage rate. Regardless of the chosen pathway, all
microspheres are perfectly spherical. SEM images of the surface of the microspheres reveal
that the microspheres are completely assembled of smaller sol particles (Figure A3.1). A
representative size distribution of the spheres is shown in Figure A3.2.

3.3 Synthesis of MSMs

Our design strategy is based on three parameters that will be addressed below: (1) choice of
the silica building blocks, (2) control over the water uptake of the oil phase, and (3) control
over the sol particle mobility and stickiness. Full control over all three parameters is key to
tailor the porosity characteristics of the resulting MSMs for different applications (e.g.,
separation of macromolecules).
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3.3.1 Choice of the colloidal silica building blocks

The first design principle obtained in this work, which will be employed throughout the
following sections, is the choice of the colloidal silica sol as building blocks. The choice of
the sol has a direct influence on the internal morphology (size of the pores and struts) as well
as the external morphology (specific surface area) of the microspheres. To build a large
variety of microspheres, five colloidal silica sols with different particle sizes varying from 4
nm up to 100 nm were used (see also Chapter 2 section 2.2). With these five sols microspheres
were synthesized with specific surface areas (SSA) varying from 38 m?-g~! up to 560 m>g!,
and, most notably, independent of the size or the porosity of the microspheres (Figure A3.3).
This infers that the struts in between the microspheres pores are approximately one
nanoparticle in diameter.

All sols used in this work are negatively charged and, except for sol 1, are highly stable, i.e.,
they do not settle or aggregate spontaneously for up to several months®’. The stability of a
sol can be described using the DLVO theory. The DLVO theory provides a theoretical
framework that describes the interaction potential between two charged surfaces in a liquid
medium?® (see also Chapter 2 section 2.5-2.6).

On first sight it appears that the smaller the size of the sol particles that are used as building
blocks, the higher the porosity of the synthesized microspheres (Figure 3.2a). Smaller sol
particles have a higher mobility due to Brownian motion. The frequency that two particles
will collide and rapidly form a loose gel network (high porosity) is therefore higher for
smaller particles. Moreover, smaller sol particles have a higher areal density of isolated
silanol groups on the nanoparticle surface that can easily be deprotonated and react to form
siloxane bridges®°. The number of deprotonated silanol groups is directly related to the
number of charges per nanoparticle*’. To quantify the charge density of the different sols, the
electrokinetic charge density versus the average sol particle size is shown in Figure 3.2b.
The electrokinetic charge density is the charge density normalized at the shear plane, which
can be derived from the zeta-potential (see also Chapter 2 section 2.4)*42,
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Figure 3.2: (a) Effect of sol particle size and reaction pressure on porosity. (b) Electrokinetic charge density as a
function of the particle size. Below a particle size of ~ 30 nm the charge density is strongly dependent on the particle
size. Above ~ 30 nm the charge density becomes independent of the particle size.
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Figure 3.2b shows that the charge density depends on the particle size*’. The larger the
nanoparticle, the lower the charge density. This behavior can be attributed to the type of
surface silanol groups that are present on the surface of the nanoparticles. The smallest
nanoparticles used in this work, i.e., nanoparticles with a diameter less than 30 nm, have a
relatively large particle curvature and somewhat corrugated surfaces. Because of this there
are many isolated silanol groups that can easily be deprotonated, resulting in a negative
surface charge density. Nanoparticles with a diameter larger than 30 nm have a relatively
high amount of vicinal silanol groups, i.e., H-bridged silanol groups, which are not easily
deprotonated and therefore have a less negative surface charge density®. Our results are in
good agreement with a theoretical study by Barisik et al.** and an experimental study by Shi
et al.**, who showed that the charge density goes down significantly, i.e., becomes more
negative, for silica nanoparticles from 4 to 30 nm in size and remains nearly constant for
nanoparticles above 30 nm.

3.3.2 Evaporation-driven assembly

One way of manipulating the microsphere porosity is by controlled shrinkage of the emulsion
droplets at elevated temperature and reduced pressure, i.e., evaporation-driven assembly. To
illustrate this point, the porosity was compared for microspheres synthesized from the
different sols at two different reaction pressures at a constant reaction temperature of 7g = 65
°C (Figure 3.2a). Here, one can clearly see that the lower the reaction pressure during the
evaporation step, the lower the microsphere porosity.

Following the classical Clausius-Clapeyron equation:

A, H
mf Ao Swf1 T 3.1)
A R \T, T,
a lower absolute pressure equals a lower boiling point of water®>. Here P is the atmospheric
pressure (1013 mbar), P> the reduced pressure, T; the standard boiling point of water, 7> the

boiling point of water at reduced pressure, R the universal gas constant, and 4H,,, the
enthalpy of vaporization, which can be calculated from®*’:

B
T
AWH:A@—fj (3.2)

C

in which 4, B and T are regression coefficients depending on the chemical compound*. For
water, A = 54 kJ'mol™, B = 0.34 and 7. = 647.13 K.

At P, =200 mbar, T, = 60 °C. At P, = 100 mbar, 7> = 45 °C. Therefore, at a lower absolute
pressure and at constant reaction temperature 7r, more thermal energy AT = Tr — T is
available for the evaporation process. The result is that the larger evaporation rate, the faster
droplet shrinkage and, hence, more densely packed microspheres are obtained. To confirm,
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the amount of evaporated water over time was measured at both pressures and at a constant
reaction temperature 7g = 65 °C (Figure A3.4). It can be seen that at P = 100 mbar (AT =20
°C), the evaporation rate is roughly two times as large than at P = 200 mbar (AT =5 °C).

3.3.3 Gelation-driven assembly

While it is easy to synthesize microspheres with a low porosity by simply shrinking the
emulsion droplets, it is not as straightforward to synthesize microspheres with a high
porosity, especially if the sol particles are larger than 20 nm. Therefore, in the next section,
we do not shrink the droplets, but instead control the microsphere porosity via the reaction
temperature and addition of salt. To illustrate this point, the resulting porosity for sol 3 is
plotted at different reaction temperatures at atmospheric pressure and at a salt concentration
of Csait = 0.19 + 0.02 M (Figure 3.3a). It can be seen that the porosity of the MSMs increases
with an increasing temperature, which can be explained by an increased particle mobility.
However, above Tr = 65 °C the porosity no longer increases even though the mobility of the
sol particles still increases. The reason for this is that water uptake in the oil phase, phenethyl
alcohol (PEA), also increases with increasing temperature (Figure 3.3b — inset)*’. This
causes a shrinkage of the emulsion droplets during the gelation process and subsequently
leads to more densely packed microspheres than one would expect based solely on the
increased particle mobility.
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Figure 3.3: (a) Effect of the reaction temperature on the microsphere porosity. Black squares: porosity for the PEA
system. Green stars: porosity when 50% MST is added. (b) Effect of MST on the relative water uptake in the mixed
organic phase. Inset: water uptake for PEA and MST as function of temperature.

To minimize the effect of water uptake, i.e., to minimize the droplet shrinkage during the
gelation process, a mixed organic phase was used containing a non-polar organic compound
that has no affinity to water, i.e., mesitylene (MST). By adding a non-polar organic
compound to the oil phase, the uptake of water becomes adjustable (Figure 3.3b). Note that
if the concentration of MST is too high, i.e., > 75% of the total mixture, the emulsifier
precipitates and no stable emulsion can be formed. The addition of a non-polar organic
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compound, reducing water uptake and minimizing shrinkage of the aqueous droplets during
gelling, allows the synthesis of MSM with significantly higher levels of porosity and pore
sizes.

A high reaction temperature by itself is, however, not enough to access the whole range of
microsphere porosities, especially if the particles are not forced into close contract due to
shrinkage of the droplets. If the electric double layer around each sol particle is too large, i.e.,
the particles are too negatively charged, the particles will not stick together and instead repel
each other upon collision. A small amount of salt is required to reduce repulsion of the sol
particles and to induce spontaneous gelation over time***°. Higher concentrations of salt lead
to a more compressed double layer (shorter Debye screening length) and therefore faster
gelation of the sol particles (more stickiness). To illustrate this effect, the concentration of
added salt was plotted versus the porosity of microspheres synthesized from sol 4 (Figure
3.4a).
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Figure 3.4: (a) Effect of the salt concentration on the microsphere porosity at elevated temperature 7x = 65-85 °C.
Black squares: porosity for the PEA system. Green stars: porosity when 50% MST is added. (b) Macroscopic
gelation experiments of the sols at room temperature. The optimal salt concentration can be estimated by matching
the macroscopic gelation time with the duration of the experimental procedure. The solid lines are calculated using
XDLVO theory.

Figure 3.4 shows that the microsphere porosity initially increases rapidly with an increasing
salt concentration. Above a certain salt concentration, in this case Csr > 0.20 M, the
microsphere porosity no longer increases significantly even though the probability that
particles will successfully stick together upon particle-particle collision will still increase
with increasing salt concentration. Moreover, above Cgie > 0.40 M the emulsion itself will
become unstable and particles start to precipitate out of solution and form large aggregated
structures®. It appears that once the majority of the electrical charges are shielded, additional
salt does more harm, i.e., cause large aggregates, than good, i.e., increase the microsphere
porosity. The optimum salt concentration is dependent on the sol used as building blocks and
requires some experimental optimization. The order of magnitude can, however, be estimated
from, macroscopic gelation experiments of the sols at room temperature or calculated using
XDLVO theory (Figure 3.4b). The best results, i.e., no aggregated structures, are obtained
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when the macroscopic gelation time of the sol particles is roughly equal to the duration of
the experimental procedure, which is typically a few hours.

3.4. Evaluation of the pore network

The specific surface area of the MSMs together with the porosity determines the average pore
diameter of the microspheres and, therefore, the potential application of the synthesized
MSMs. In Figure 3.5a the average pore diameter of all synthesized MSMs from the five
silica sols versus the microsphere porosity are shown. It can be clearly seen that the higher
the porosity, the larger the average pore diameter. In addition, the larger the size of the sol
nanoparticles used as building block, the larger is also the average pore diameter of the
microspheres. From an application point of view the width of the pore size distribution is,
however, just as important as the average pore diameter. For example, in chromatography,
the narrower the spread of the pore size distribution, the higher the peak resolution that can
be obtained’!. The obtained width of the pore size distribution always had a coefficient of
variation of CV = g/u = 0.4, regardless of the total porosity or the silica sol used (Figure
A3.5), indicating good reproducibility and control during synthesis. We expect that the width
of the pore distribution can be reduced if more monodisperse sols are used.

To evaluate the gas adsorption behavior between samples, microspheres with the same
porosity (¢ = 0.67) but constructed from different sols were compared. The results are shown
in Figure 3.5b. Every sample displayed IUPAC type IVa isotherms, which is characteristic
for adsorption behavior inside mesoporous adsorbents’?. At low pressure p/p° there is a
region of mono-multilayer adsorption on the mesopore walls, followed by pore condensation
and finally a horizontal saturation plateau, indicating completely filled mesopores. The onset
of the condensation increases, and the length of the saturation plateau decreases, for
microspheres synthesized from sol 1 to sol 4. This is logical because the average pore
diameter of the microspheres of sol 1 is smaller than that of sol 4, resulting in earlier and
faster saturation of the complete pore network. The pore condensation regions of samples 2
to 4 have a partially common pressure range (p/p° = 0.85-0.90) and partially overlapping pore
size distributions (5-15 nm). This is because pores of the same size have the same
condensation pressure®®. Pore condensation is followed by a hysteresis loop where the
desorption branch becomes parallel to the adsorption branch. The hysteresis loops become
narrower and steeper going from sol 1 to sol 4. In general, the steeper the loop, the faster
nitrogen can evaporate from the pore network. Interpretation of the shape of a hysteresis loop
is, however, not straightforward because the desorption branch is dependent on various
network effects and pore blocking™.

The pore size distributions of the compared samples show some overlap at the base of the
profiles because the silica nanoparticles used as building blocks are not monodisperse and
share partially similar size fractions (Figure 3.5¢). Each sample, however, displays a narrow
pore size distribution, which is significantly smaller than pore size distributions that can be

49



Chapter 3

obtained when additional ageing steps such as Ostwald ripening are used**. SEM shows that
microspheres that were treated with an Ostwald ripening process have a much more uneven
distribution of pores over the surface (Figure A3.6). MSMs that have been formed via direct
nanoparticle assembly have an even distribution of pores across the surface.

These results clearly show that microspheres obtained via the presented method have better
defined porosity characteristics and that the process in general is significantly more
controllable than comparable process that require post-treatment steps, e.g., to tune pore
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Figure 3.5: (a) Relationship between the average BET pore diameter and porosity of MSMs for the different silica
sols. (b) Representative N, adsorption/desorption isotherms for MSMs from sols 1-4 with a porosity of ¢ = 0.67.
The isotherms display IUPAC type IVa behavior. (¢) Corresponding pore size distributions calculated from the
desorption branch of the isotherm shown in panel b. Overlap in the PSD’s result from polydispersity of the sol
particle sizes. A comparable sample obtained from an Ostwald ripening process is added for comparison.
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3.5 Fine tuning via sol particle mixing

In above sections the general principles of tuning pore size and surface area of MSMs have
been discussed. Above methodology can be further extended using mixtures of silica sols to
very precisely tune the microsphere properties. By mixing two sols with different particle
sizes, the resulting microspheres will have an average surface area based on the ratio of the
mixture. By tuning the surface area, the pore size distribution of the microspheres can be
shifted without changing the total porosity. Morphologically, this means that the average
distance between the silica struts changes, i.e., the average pore diameter, which is reflected
in the surface area per volume ratio. As an example, microspheres from a 1:2 mixture of sol
2 and sol 3 were synthesized. The resulting pore size distribution of the mixture is located
precisely in between the two original sols (Figure 3.6a). The distribution profile overlaps at
the base with the two original sols because the microspheres are build-up from both particle
size fractions. However, the majority of the pores clearly have a pore diameter in-between
that of the two original sols.
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Figure 3.6: Effect of mixing two sol species. Based on the choice of the sols and the ratio of the mixture, MSMs
with properties that fall in-between microspheres synthesized from the individual sol species or with properties
beyond what is otherwise possible. (a) Pore size distribution of a mixture of sol 2+3, with a SSA of 252 m?.g™" and
a particle porosity of ¢ = 0.62. The SSA for sol 2 is 392 m>g~' and for sol 3 is 197 m*g"". (b) Pore size distribution

obtained via mercury porosimetry of a mixture of sol 1+5, with a SSA of 49 m?g™! and a particle porosity of ¢ =
0.52.

Furthermore, in select cases mixing two sols can yield MSMs with properties that are
otherwise unobtainable. The largest average pore diameter that was obtained from one
building block, i.e., sol 5, was 35 nm with a microsphere porosity of ¢ = 0.42. Attempts to
increase the average pore diameter further have not been successful because the larger the
nanoparticle building block, the more difficult it becomes to obtain high porosities. By adding
a small portion of another sol, microspheres can be obtained with higher porosities and
subsequently larger pore sizes. To illustrate this point, 2 wt% of sol 1 was mixed with sol 5.
The resulting microspheres have a porosity of ¢ = 0.52 and an average pore diameter of 50
nm, which is significantly larger than what could be obtained from just one sol (Figure 3.6b).
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The microspheres are still perfectly spherical but are not as densely packed as without the
addition of sol 1 (Figure A3.7). This shows that, with a limited set of silica nanoparticles, a
large variety of MSMs can be synthesized with precise control over pore size, porosity and
specific surface area as needed for a specific application.

3.6 Conclusions

We have shown that the colloidal assembly of silica nanoparticles into MSMs can be
precisely manipulated by actively and passively controlling the reaction conditions and
environment in which the sol-gel reaction takes place. With these insights in the underlying
mechanisms of colloidal assembly in hand, we introduced a strategy to the design of perfectly
spherical MSMs with precisely tunable porosity characteristics across multiple length scales
that are highly reproducible and scalable using only a limited set of discrete colloidal silica
sols as building blocks. In contrast with conventionally applied industrially relevant
processes, we demonstrated that we can synthesize MSMs with highly tunable porosity
characteristics without the need for additional ageing or post-treatment steps and / or
additional template molecules to guide the formation of the porous network. The results
shown here are expected to have a significant impact and ensure availability of MSMs for
use in different applications in future, e.g., for the separation of a wide variety of
biomacromolecules®.

3.7 Materials and methods

Materials

The colloidal silica sols used in this work were provided by Nouryon Pulp and Performance
Chemicals AB, Sweden and consist of colloidal silica nanoparticles (sol) of different sizes
and concentrations in water (Table 3.1). All sols are ammonium stabilized, which means they
have been brought to a pH of 8.0 — 10.5 by the addition of ammonia (25% w/w, Scharlau).
The sols 3A, 4A, 4B and 5A were diluted with deionized water that contained sufficient
ammonia in order to ensure the concentration of ammonium ions was the same as the pre-
diluted sol. The particle volume fraction of the sols was determined using X-ray fluorescence
spectroscopy and the number mean particle diameter Dp[1,0] and standard deviation (SD)
were determined by cryoTEM (see Chapter 2 for details on the characterization procedure).

Phenethyl alcohol (PEA, 99%) and mesitylene (MST, 97%) as the oil phase and
hydroxypropyl cellulose (HPC, average M 100.000 g:mol™") as a stabilizer and emulsifier
were purchased from Acros Organics. A 5 M stock solution of salt was prepared of
ammonium acetate (Merck). All chemicals were used as received without further
purification. The water used in this work was deionized by a Milli-Q Advantage A10 system
(Merck Millipore) and had an electrical resistivity of 18.2 MQ-cm at 25 °C.
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Table 3.1: Colloidal silica sols used to synthesize MSMs.

number mean

1 Si t9
sol  Si02 wt% Dy[1,0] £ SD (nm)

1 12 42+£1.0 10.1
2 14 82+25 9.2
3 30 17.5+4.6 8.6
3A 14 - -
4 40 252+£58 9.1
4A 25 - -
4B 14 - -
5 22 95.4+18.3 8.6
5A 14 - -
Water uptake

The water content in the saturated mixed organic phase was determined by means of the Karl-
Fischer volumetric method using a Mettler-Toledo DL38 Karl Fischer titrator. Milli-Q water
and organic phase (PEA and MST) were vigorously stirred in a 100 ml glass vial for 12 hours
and subsequently settled at room temperature for at least 24 hours. Then the saturated solution
was decanted in a separatory funnel and samples were taken for analysis.

Synthesis route

Three different experimental protocols were carried out to produce silica microspheres. A
detailed description of the protocols, amounts of materials used, and properties of the
resulting microspheres are listed in Appendix section 3.1.

Microsphere characterization

Specific surface areas, pore volumes and pore size distributions of the synthesized samples
were determined from nitrogen sorption isotherms (Micromeritics TriStar 3000). The
isotherms were measured at —196 °C. The specific surface area was calculated from the
monolayer adsorbed gas quantity in the pressure interval p/p° = 0.05-0.22 using the Brunauer-
Emmett-Teller (BET) equation®. The pore volume and pore size distribution were calculated
from the desorption isotherm using the Barrett-Joyner-Halenda (BJH) model’?*°. Every
sample displayed ITUPAC type IVa isotherms, indicating adsorption behavior inside
mesoporous adsorbents>2. The microsphere porosity was calculated from the pore volume per
gram microspheres and the density of amorphous silicon dioxide®’:
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Vpore
p=— (3.3)
— ¥

pore
Psio,

where Vpore is the pore volume per gram microspheres and psioz is the density of amorphous
Si0,, which we assume as 2.2 g-em3.% While this value can be disputed, the effect of
changing psio2 within reasonable boundaries is limited.

SEM images of select microspheres were obtained at 5 kV acceleration voltage using a
Quanta3D scanning electron microscope (Thermo Fisher Scientific) equipped with a field
emission electron gun. The particles were deposited on a SEM-stub and sputter-coated with
a 20 nm layer of gold (Emitech K550) to prevent charging.
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Appendices
Appendix 3.1 Sample preparation
3.1.1 Experimental protocol

Three different experimental protocols were carried out which are detailed below. Amounts
of materials used are provided in Table A3.1, synthesis conditions in Table A3.2 and
properties of the resulting MSMs are provided in Table A3.3. For each procedure, a 5 wt%
aqueous solution of hydroxypropyl cellulose (HPC) was used as emulsifier and stabilizing
agent. It was prepared by dispersing HPC (5 g) in Milli-Q water (95 g) at 60 °C. The mixture
was stirred continuously, and allowed to cool to room temperature after one hour. Stirring
was continued for 24 h. It was then filtered twice over 5 um pore size filter paper (Munktell),
and stored in a plastic container until further use.

Procedure 1: evaporation-driven assembly

An oil phase was prepared by mixing phenethyl alcohol (PEA) and 5 wt% HPC solution in a
beaker at room temperature and stirring at 300 RPM for one hour with an overhead mixer
(IKA Yellow line OST Basic), after which the mixture was fully transparent.

Colloidal silica (and where applicable — see Table A3.1 - 5 M aqueous ammonium acetate
solution) were then added to above mixture under constant stirring (350 RPM) to form a
water-in-oil emulsion which had a white/milky appearance. After 60 minutes of stirring, the
emulsion was poured in a round bottom flask that was subsequently attached to a rotary
evaporator fitted with a water bath (Buchi R-200) and exposed to the temperature and reduced
pressure specified in Table A3.2.
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Rotary evaporation was continued for 90 minutes, at which point almost all the water had
been removed from the emulsion, resulting in an almost completely clear/transparent
mixture. The temperature was then increased to 85 °C for a further 30 minutes, before being
allowed to cool to room temperature. The resulting MSMs were separated by filtration over
a Pyrex glass filter and dried at 90 °C for 16 hours. Finally, MSMs were calcined in air at
650 °C for 4 hours.

Procedure 2: gelation-driven assembly

Identical to procedure 1, except the flask was rotated in the water bath at atmospheric pressure
and heated for the time specified in Table A3.2. After the time specified in Table A3.2, after
which gelling had occurred, a reduced post-gelling pressure according to Table A3.2 was
applied for a period of approximately 30 minutes. The temperature of the water bath was then
raised to 85 °C and stirring continued for a further 30 minutes at the same pressure.

Procedure 3: gelation-driven assembly

Identical to procedure 2, except mesitylene (MST) was mixed with PEA prior to
emulsification.

Procedure 4: Ostwald ripening

A silica prepared via procedure 1 was subjected to Ostwald ripening to increase the average
pore diameter. This was done by adding 31 g of silica to a 1 L steel autoclave, together with
619 g water and 73 g of 25 wt% aqueous ammonia solution. The autoclave was sealed and
heated to 120 °C for 116 hours. After cooling to 30 °C, 105 g of 63 wt% nitric acid was
added. The silica was then filtered off, washed with 300 g water, followed by 158 g acetone.
The silica was then dried in an oven at 90 °C for 16 hours.

3.1.2 List of samples

Tables A3.1 to A3.3 are arranged so that the samples are grouped according to the silica sol
that was used as building blocks.

Table A3.1: Quantities of materials used

Example Sol PEA (g) MST(g) | HPC (g)[a] S‘h[cs] © NH“‘; (ul)
1 1 50 0 0.13 1.15 0
2 1 50 0 0.13 1.14 0
3 1 50 0 0.13 .15 0
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Example Sol PEA (g) MST (g) | HPC (g)[a] S‘h[f] © NH“‘; (ul)
4 2 50 0 0.04 133 0
5 2 50 0 0.13 132 0
6 2 50 0 0.13 132 100
7 2 50 0 0.13 133 0
8 2 50 0 0.13 133 100
9 2 50 0 0.13 132 200
10 2 50 0 0.13 133 200
11 2 50 0 0.04 133 200
12 2 50 0 0.13 133 100
13 2 50 0 0.04 132 250
14 2 50 0 0.13 4.02 750
15 2 50 0 0.13 133 200
16 2 50 0 0.13 133 250
17 2 50 0 0.04 132 200
18 2 50 0 021 133 200
19 3A 50 0 0.13 135 0
20 3 50 0 0.13 2.88 0
21 3A 50 0 0.13 135 0
2 3 50 0 0.13 2.88 0
23 3A 50 0 0.12 135 200
24 3A 50 0 0.13 1.34 100
25 3A 100 0 0.42 2.88 200
26 3 100 0 025 2.89 200
27 3 50 0 0.13 2.88 200
28 3 50 0 0.13 2.88 200
29 3A 50 0 0.13 135 200
30 3A 100 0 0.25 138 122
31 3A 100 0 0.42 2.89 750
32 3 50 0 0.13 2.89 200
33 3 100 0 025 2.89 200
34 3 100 0 0.25 2.88 200
35 3A 100 0 0.42 2.89 575
36 3 100 0 0.25 2.90 200
37 3A 50 50 021 2.89 650
38 3 100 0 025 2.89 200
39 3A 100 0 0.42 2.90 825
40 3 100 0 0.25 2.89 200
41 3 100 0 0.25 2.88 300
2 3A 100 0 0.25 138 200
43 3A 100 100 0.42 285 650
44 3A 100 100 0.42 2.90 650
45 3A 100 100 0.42 2.84 650
46 3 56 56 023 2.89 200
47 3A 100 100 0.42 2.84 650
48 4B 50 0 0.13 136 0
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Example Sol PEA (g) MST (g) | HPC (g)[a] S‘h[f] © NH“‘; (ul)
49 4B 50 0 0.13 136 70
50 4B 50 0 0.13 136 0
51 4B 50 0 0.13 136 200
52 4 50 0 0.13 2.94 150
53 4 50 0 0.13 2.94 200
54 4B 100 0 0.42 293 1050
55 4B 100 0 0.42 2.94 1200
56 4B 100 0 0.42 2.93 900
57 1A 100 0 0.25 2.46 300
58 4B 100 0 0.42 2.94 1350
59 4 50 0 0.13 2.96 300
60 4B 50 50 021 293 900
61 4 100 0 025 2.94 200
62 4B 50 50 021 2.94 900
63 1A 100 0 0.42 150 250
64 4B 100 0 0.42 2.94 900
65 4B 50 50 021 2.94 900
66 4 100 0 025 2.94 300
67 4B 100 0 0.42 2.94 900
68 4B 100 0 0.25 138 200
69 4B 500 501 2.09 14.78 3000
70 4B 501 501 2.09 14.77 3000
71 4B 100 100 0.42 293 600
72 4B 100 100 0.42 2.94 600
73 5A 50 0 0.13 1.08 0
74 5A 50 0 021 1.08 0
75 5 50 50 0.11 2.16 0
76 5 50 50 0.11 2.17 0
77 5A 50 50 0.11 2.16 0
78 5 100 0 0.42 133 60
79 5 100 0 0.25 217 50
80 5A 100 0 0.25 133 50
81 5 100 0 0.25 217 50

[a] Amount of HPC expressed on a dry basis.

[b] Amount of silica added on a dry basis (i.e., not including water from the sol).

[c] Volume of 5 M ammonium acetate solution used.
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Table A3.2: Synthesis conditions.

Synthetic Heating Temp Heating Heating Time Final Pressure
Example Procedure (°C) Pressure (min) (mbar)
(mbar)

1 1 65 100 90 100
2 1 65 160 90 160
3 1 65 200 90 200
4 1 65 100 90 100
5 1 65 160 90 160
6 1 65 100 90 100
7 1 65 200 90 200
8 1 65 160 90 160
9 1 65 100 90 100
10 1 65 100 90 100
11 1 65 100 90 100
12 1 65 200 90 200
13 1 65 124 90 124
14 1 65 124 90 124
15 1 65 180 90 180
16 1 65 160 90 160
17 1 65 160 90 160
18 1 65 200 90 200
19 1 65 100 90 100
20 1 65 100 90 100
21 1 65 200 90 200
22 1 65 200 90 200
23 1 65 100 90 100
24 1 65 100 90 100
25 2 53 atm 90 100
26 2 65 atm 90 atm
27 1 65 100 90 100
28 1 65 100 90 100
29 1 65 200 90 200
30 2 53 atm 90 100
31 2 53 atm 45 100
32 1 65 200 90 200
33 2 53 atm 90 100
34 1 88 500 90 500
35 2 53 atm 90 100
36 2 88 atm 90 500
37 3 65 atm 90 200
38 2 65 atm 90 100
39 2 53 atm 60 200
40 2 65 atm 90 200
41 2 65 atm 90 200
42 1 88 500 90 500
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Synthetic Heating Temp Heating Heating Time Final Pressure
Example Procedure (°C) Pressure (min) (mbar)
(mbar)
43 3 65 atm 90 400
43 3 80 atm 90 400
44 3 80 atm 90 400
45 3 88 atm 90 500
47 3 75 atm 90 400
48 1 65 100 90 100
49 1 65 100 90 100
50 1 65 200 90 200
51 1 65 100 90 100
52 1 65 100 90 100
53 1 65 100 90 100
54 2 53 atm 45 100
55 2 53 atm 45 100
56 2 53 atm 90 100
57 2 65 atm 90 200
58 2 53 atm 45 100
59 1 65 200 90 200
60 3 65 atm 60 200
61 1 88 500 90 500
62 3 65 atm 60 200
63 2 65 atm 90 200
64 2 65 atm 30 200
65 3 65 atm 90 200
66 1 88 500 90 500
67 2 65 atm 60 200
68 1 88 500 90 500
69 3 90 atm 90 200
70 3 88 atm 90 550
71 3 88 atm 90 500
72 3 88 atm 90 500
73 1 65 100 90 100
74 1 65 50 90 50
75 1 65 atm 90 200
76 1 65 atm 90 200
77 1 65 atm 90 200
78 2 65 atm 90 200
79 1 88 500 90 500
80 2 88 atm 90 500
81 2 88 atm 90 500
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Table A3.3: MSM properties.

SSA PV Porosity uper PD tpin PD
Example @) | (g o A) A) osm PD (A) cv
1 550 0.68 0.60 50 41 12 0.29
2 570 0.85 0.65 60 48 13 0.27
3 563 0.94 0.67 67 53 14 0.26
4 401 0.28 0.38 28 28 9 0.31
5 390 0.34 0.43 35 31 9 0.29
6 396 0.42 0.48 42 37 10 0.28
7 391 0.49 0.52 50 40 11 0.28
8 397 0.56 0.55 57 48 15 0.30
9 384 0.65 0.59 68 60 20 0.33
10 382 0.66 0.59 69 60 20 0.34
11 390 0.67 0.60 69 59 19 0.32
12 385 0.71 0.61 73 61 18 0.29
13 392 0.72 0.61 74 64 23 0.36
14 397 0.73 0.62 74 63 20 0.32
15 398 0.80 0.64 82 69 23 0.33
16 391 0.80 0.64 81 72 25 0.35
17 398 0.81 0.64 81 71 23 0.33
18 388 0.92 0.67 95 82 32 0.39
19 194 0.19 0.30 40 33 10 0.30
20 198 0.20 0.31 41 33 9 0.27
21 197 0.25 0.35 50 40 11 0.27
22 202 0.26 0.36 51 41 11 0.26
23 197 0.33 0.42 67 57 17 0.31
24 199 0.34 0.43 69 58 18 0.31
25 191 0.40 0.47 85 71 22 0.31
26 193 0.52 0.54 108 95 27 0.28
27 196 0.58 0.56 117 102 39 0.38
28 196 0.58 0.56 119 104 40 0.38
29 196 0.61 0.57 125 113 37 0.32
30 193 0.64 0.58 132 115 42 0.36
31 200 0.65 0.59 130 115 42 0.37
32 198 0.68 0.60 138 122 38 0.31
33 197 0.70 0.61 142 125 36 0.29
34 196 0.75 0.62 153 132 33 0.25
35 212 0.76 0.62 143 125 45 0.36
36 194 0.77 0.63 159 133 31 0.23
37 194 0.78 0.63 160 157 50 0.32
38 196 0.78 0.63 159 137 28 0.21
39 196 0.78 0.63 160 165 58 0.35
40 193 0.79 0.63 163 137 29 0.21
41 193 0.85 0.65 177 177 38 0.21
42 197 0.87 0.66 176 176 53 0.30
43 194 0.92 0.67 190 199 63 0.32
44 190 0.93 0.67 195 196 56 0.28

63



Chapter 3

SSA PV Porosity uper PD o PD
Example gy | (cme?) o A) s PD (A) A) cv
45 195 0.98 0.68 201 208 70 0.34
46 195 0.99 0.69 204 204 51 0.25
47 194 1.02 0.69 211 216 64 0.30
48 133 0.19 0.30 58 49 14 0.28
49 132 0.21 0.31 63 53 14 0.27
50 135 0.22 0.33 66 56 15 0.28
51 133 0.30 0.40 91 80 25 0.32
52 132 0.40 0.47 123 112 36 0.32
53 132 0.44 0.49 134 123 34 0.27
54 127 0.59 0.56 185 199 61 0.30
55 128 0.60 0.57 188 200 61 0.31
56 131 0.61 0.57 186 201 63 0.31
57 126 0.62 0.58 195 210 71 0.34
58 130 0.62 0.58 191 210 66 0.31
59 132 0.62 0.58 188 204 56 0.27
60 129 0.63 0.58 195 208 55 0.26
61 132 0.63 0.58 191 198 48 0.24
62 129 0.63 0.58 195 216 59 0.27
63 128 0.65 0.59 204 216 58 0.27
64 128 0.67 0.60 208 222 71 0.32
65 134 0.68 0.60 202 216 59 0.27
66 132 0.69 0.60 210 221 53 0.24
67 128 0.72 0.61 223 246 92 0.37
68 132 0.76 0.63 230 243 80 0.33
69 131 0.81 0.64 248 264 82 0.31
70 127 0.88 0.66 271 292 90 0.31
71 126 0.93 0.67 295 312 98 0.31
72 130 0.96 0.68 295 317 102 0.32
73 37 0.21 0.32 231 236 59 0.25
74 38 0.22 0.32 231 241 71 0.29
75 39 0.22 0.33 228 233 43 0.18
76 39 0.23 0.33 233 242 51 0.21
71 38 0.24 0.34 247 256 63 0.25
78 38 0.24 0.35 255 270 60 0.22
79 40 0.25 0.36 255 278 66 0.24
80 38 0.26 0.36 278 284 70 0.25
81 39 0.26 0.36 270 281 73 0.26
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Appendix 3.2 Microsphere characterization
3.2.1 Microsphere morphology

Zoomed-in SEM images of the surface of the microspheres reveal that the microspheres are
completely assembled of smaller sol particles (Figure A3.1).

—
500 nm

I
500 nm 10 pm

Figure A3.1: Zoomed-in SEM images of the surface of the synthesized microspheres, revealing that the
microspheres are assembled form different sol particle building blocks: (a) sol 1 — 4 nm particles, (b) sol 2 — 8 nm
particles, (c) sol 3 — 18 nm particles, (d) sol 4 — 25 nm particles, (e) sol 5 — 100 nm particles. (f) Macroscopic image
of the microsphere corresponding to zoomed-in image e.

3.2.2 Microsphere size distribution

Particle size distributions of select synthesized microspheres were obtained via laser
diffraction (Malvern Mastersizer Micro) following the Mie scattering theory with a refractive
index of 1.456 and an absorption coefficient of 0.01. A representative distribution is shown
in Figure A3.2.
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Figure A3.2: Particle size distribution of a representative sample, obtained via laser diffraction.

3.2.3 Microsphere surface area
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Figure A3.3: SSA of the synthesized microspheres versus the mean sol particle size. The SSA of the microspheres

Mean sol particle size D[1,0] (nm)

is completely independent of the microsphere size or porosity.
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3.2.4 Effect of reaction pressure on the water evaporation rate
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Figure A3.4: Effect of the absolute pressure on the evaporation rate at a constant reaction temperature 7 = 65 °C.
The evaporation rate increases with decreasing absolute pressure.

3.2.5 Microsphere pore

size distribution

Pore size distributions were calculated from the desorption isotherm using the Barrett—
Joyner-Halenda (BJH) model'2. The width of the distributions are independent of the silica
sol that was used to synthesize the microsphere and independent of the microsphere porosity

(Figure A3.5).

Pore size distribution width o,/25,4 (-)
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Figure A3.5: Width of the pore size distribution. There is no correlation between the spread of the PSD and the
microsphere porosity or the silica sol used as building block. The opji/upnis always below 0.4, indicating a relatively

narrow pore size distribution.
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3.2.5 Direct assembly versus Ostwald ripening

SEM images of microspheres synthesized via direct assembly versus microspheres obtained
via Ostwald ripening have distinct differences (Figure A3.6). Microspheres obtained via
Ostwald ripening have an uneven and less homogeneous surface compared to microspheres
obtained via direct nanoparticle assembly. This has negative implications for the pore size
distribution and subsequently the potential separation efficiency.

Figure A3.6: Representative SEM images of (a) a microsphere synthesized via direct assembly of sol 4 and (b) a
microsphere synthesized via an Ostwald ripening procedure.

3.2.6 Effect of silica sol mixing

SEM reveals that microspheres synthesized from a mixture of silica sols are still perfectly
spherical (Figure A3.7). Due to the addition of a fraction of smaller silica sol nanoparticles,
the overall porosity of the microspheres increases as well as the average pore diameter. This
can be seen by a slightly rougher surface of the microspheres, which indicate a less dense
packing fraction.

a

Figure A3.7: Representative SEM images of (a) a microsphere synthesized from sol 5 and (b) a microsphere
synthesized from sol 5 + 2 wt% sol 1.

68



Multiscale Colloidal Assembly of Silica Nanoparticles
into Microspheres with Tunable Mesopores

Appendix 3.3 Experimental optimization

3.3.1 Choice of organic solvent

Several solvents were tested to find a suitable continuous phase of the W/O emulsion. The
solvent has to be liquid at room temperature and atmospheric pressure, have a relatively high
boiling point, has to be compatible with an emulsifier and it should have a moderate water
uptake. The moderate water uptake allows transport of water out of the emulsion droplets
during solvent evaporation, whereas the high boiling point prevents the oil phase from boiling
and evaporating during heat-up.

Polar solvents such as alcohols and esters generally have moderate to high miscibility with
water. Here, a selection of alcohols and esters were evaluated of different lengths and
chemical properties, see Table A3.4>7. The solvents were selected based on the
aforementioned requirements. All six solvents were able to form stable W/O emulsions with
one of the silica sols, i.e., sol 2, and at least one of the evaluated emulsifiers (see Appendix
section 3.3.2). However, not every solvent gave spherical particles, see Figure A3.8.

Table A3.4: Evaluated solvents to form the external oil phase.

Density water
tak
Solvent Formula Class @20°C | B.P.(O) ung OE@
/ml

(g/ml) (/100 g)
2-methyl-1-butanol | CsH;,O primary alc. 0.814 129 7.83
ethyl acetoacetate CsH1003 ester 1.021 181 2.86
4-methyl-2-pentanol | CsHi4O | secondary alc. 0.805 132 6.25
benzylalcohol C/HsO aromatic alc. 1.041 205 8.31
phenethyl alcohol CgHi0O | aromatic alc. 1.021 225 8.06
1-octanol CsHi30 primary alc. 0.823 195 4.62
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50 pm

Figure A3.8: Effect of different solvents on the formation of silica microspheres: (a) 2-methyl-1-butanol, (b) ethyl
acetoacetate, (¢) 4-methyl-2-pentanol, (d) benzylalcohol, (e) phenethyl alcohol and (f) 1-octanol.

The two aromatic solvents, i.e., benzyl alcohol and phenethyl alcohol, gave by far the best
results. It is likely that other combinations of solvents and emulsifiers can give similar results.
However, no other solvents were tested. Phenethyl alcohol was preferred over benzyl alcohol
because it had a smaller increase in water-uptake at elevated temperatures.

3.3.2 Choice of emulsifier

The choice of emulsifier was determined by two factors: the emulsifier should be compatible
with the organic solvent; and the emulsifier should not dissociate during the gelation process.
Several classes of emulsifiers were evaluated with mixed results. An overview is given in
Table A3.5.

Table A3.5: Evaluated emulsifiers to be dispersed in the external oil phase.

Emulsifier Class Emulsion | Particles
Span/Tween Nonionic surfactant | Yes No
Cetyl trimethylammonium bromide | Anionic surfactant | No No
Sodium dodecyl sulfate Anionic surfactant | No No
Polyvinyl alcohol Polymer Yes Yes
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Emulsifier Class Emulsion | Particles
Polyacrylate (Pemulen) Polymer No No
Polyethylene glycol Polymer Yes No
Ethyl hydroxyethyl cellulose Cellulose Yes Yes
Microfibrillated cellulose Cellulose No No
Hydroxypropyl cellulose Cellulose Yes Yes

From the surfactants only select blends of Span80 (sorbitan monooleate) and Tween80
(polyethoxylated sorbitan monooleate) were able to form stable emulsion droplets. Various
blends of Span and Tween with a wide range of hydrophilic-lipophilic balance (HLB) levels
(HLB 4 to 12) were tested. Emulsifiers with a high HLB levels tend to be more
hydrophilic/polar and are generally used to produce O/W emulsions. Emulsifiers with a low
HLB level tend to be more lipophilic/non-polar and are generally used to produce W/O
emulsions® In our case only blends with a HLB level between 11 and 12 were able to form
stable W/O emulsions. Although the emulsions were stable for several hours, all of them
phase separated upon heating and water removal.

Polyvinyl alcohol (PVA) was by far the most interesting of the polymeric emulsifiers that
were tested. PVA is a synthetic, atactic water-soluble polymer that is formed by the
hydrolyzation of poly(vinyl acetate). PVA is typically produced in different hydrolyzation
grades, ranging from 80% hydrolyzed to >99% hydrolyzed. The higher the level of
hydrolyzation, the more hydroxyl groups are present in the polymer and the higher its surface
tension’. The total concentration of PVA in the system was varied between 1.00 wt% and
0.01 wt% of the total volume of the system. Emulsions with a PVA concentration below 0.01
wt% were inherently unstable. An example of a representative microsphere formed using
PVA is given in Figure A3.9.

The microspheres are spherical but also have a significant number of craters on the particle
surface. These craters could have either formed due to particle-particle collisions with smaller
microspheres or the particle surface was once covered with smaller microspheres that have
broken-off at a certain point during the process. Based on the occasional presence of small
particles that are still attached to a larger sphere and the spherical shape of the craters, the
latter seems more likely. It does not, however, explain why the microspheres would be
covered with smaller microspheres in the first place. We speculate that the polyvinyl alcohol
and silica particles undergo a kind of coacervation process during the heating and solvent
evaporation'?. PVA can bond to the particle surface via hydrogen bonds and make them more
hydrophobic. It is possible that this results into microspheres with a number of weakly
bonded smaller spheres attached to their surface that simply break-off in time due to
mechanical agitation. A reduction of the total concentration of PVA typically results in more
numerous and smaller crates on the particle surface.
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Figure A3.9: (a) SEM image of a silica particle synthesized with PVA as emulsifier. The surface is covered in
craters. (b) Zoomed-in region of a crater.

Cellulosic emulsifiers behave similar to polymeric emulsifiers. They form a barrier around
the emulsion droplets and keep them separated during the gelation process. Cellulosic
emulsifiers are often added to formulations as a thickening and stabilizing agent rather than
an emulsifier. They increase the viscosity of the external oil phase, lowering the chance that
the emulsion droplets can coalesce. However, they can also function as an emulsifier as they
can anchor to the emulsion droplets and lower the interfacial tension!'!3, Not all types of
cellulose were compatible with the evaluated organic solvents. Microfibrillated cellulose did
not form stable emulsions, regardless of the solvent used. Ethyl hydroxyethyl cellulose and
hydroxypropyl cellulose both formed stable emulsions with the organic solvents and did not
precipitate during the gelation process.

Cellulosic emulsifiers have a cloud point above which they precipitate out of solution. The
cloud point is strongly dependent on the presence of other surfactants and electrolytes, the
solvent, molecular weight of the cellulose molecule, its structure and the concentration!416,
Park et al. showed that HPC can assist in the formation of spherical, mesoporous silica
microspheres, although they only used it as a stabilizing agent in combination with other
surfactants'”!3, We chose HPC because it is compatible with polar organic solvents and is
stable over a large range of process conditions and, unlike PVA, forms particles with a
smooth surface. Although HPC can produce very stable emulsion droplets, it will precipitate
out of solution at temperatures in excess of 90 °C, when a large concentration of salt is added
to the solution or when the solvent is too apolar. When this happens, the emulsion droplets
coalesce, and the particles aggregate together into large assemblies of individual
microspheres.
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Chapter 4

Local Quantification of Mesoporous Silica
Microspheres using Multiscale Electron
Tomography and Lattice Boltzmann Simulations

Abstract

The multiscale pore structure of mesoporous silica microspheres plays an important role for
tuning mass transfer kinetics in technological applications such as liquid chromatography.
While local analysis of a pore network in such materials has been previously achieved,
multiscale quantification of microspheres down to the nanometer scale pore level is still
lacking. Here, we demonstrate for the first time, by combining low convergence angle
scanning transmission electron microscopy tomography (LC-STEM tomography) with image
analysis and lattice Boltzmann simulations, that the multiscale pore network of commercial
mesoporous silica microspheres can be quantified. This includes comparing the local
tortuosity and intraparticle diffusion coefficients between different regions within the same
microsphere. The results, spanning more than two orders of magnitude between
nanostructures and entire object, are in good agreement with bulk characterization techniques
such as nitrogen gas physisorption and add valuable local information for tuning mass
transfer behavior (in liquid chromatography or catalysis) on the single microsphere level.

Parts of this chapter is published in:

Fijneman, A. J. et al. Local Quantification of Mesoporous Silica Microspheres using
Multiscale Electron Tomography and Lattice Boltzmann Simulations. Microporous
Mesoporous Mater. 302, 110243 (2020).
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4.1 General introduction

Electron tomography is a powerful technique to image the three-dimensional (3D) structure
of an object with nanometer resolution using a series of two-dimensional (2D) electron
micrographs. It is frequently used in the biological, chemical and physical sciences to study
the 3D morphology of materials'”’. Materials with nanoscale porosity in particular have
received a great deal of attention over the past years, mainly because of their (potential)
application in catalysis or separation processes® . One example is provided by mesoporous
silica microspheres that are used as packing material in high performance liquid
chromatography (HPLC)?. These particles play an important role in the separation and
analysis of a large variety of molecules based on differences in mass transfer properties®”’-?8.
They are often highly porous and have complex pore networks that extend over multiple
length scales, making them difficult to study by (Scanning) Transmission Electron
Microscopy ((S)TEM) based 3D imaging approaches. This is on account that particles are
often in the micrometer range (2-25 pum), which necessitates cutting of the particles with,
e.g., focused-ion beam microscopy or an ultramicrotome, thus not yielding information on
the single particle level?’. Non-destructive characterization of micrometer-sized particles has
been done with X-ray microcomputed tomography, but this technique does not have the
required resolution to resolve pores which are mostly nanometer-sized®***!. A recent approach
utilizing low convergence angle (LC) STEM tomography has shown great promise for
imaging micrometer thick samples with nanometer resolution?3,

When imaging micrometer thick samples by (S)TEM tomography, artifacts may occur as
image intensity does not scale linearly with respect to the thickness of the sample®®37. This
nonlinearity will cause gradients in image intensity in the tomographic reconstruction
because standard reconstruction algorithms are based on linear models (Figure A4.1)%.
Corrections for this nonlinearity are possible for objects consisting of different chemical
composition’”*° or by correlative approaches*’. As the mesoporous silica particles consist
only of one phase (silicon dioxide) and due to limited capability of correlative approaches,
we correct instead for the nonlinearity using the near perfect sphericity of the particles.

Relating the 3D imaging results directly to material performance and material properties on
the sub particle scale can provide valuable insight on the relationship between structure and
performance and can lead to better models to simulate, e.g., mass transfer behavior!%!19-2341:42,
A good way to quantify mass transfer is by computing the intraparticle diffusivity of the
material using computer simulations. There are several ways of doing so'>*'* but the
approach chosen here is to solve the diffusion equation via the lattice Boltzmann method**.
This method is frequently used to simulate flow in complex structures but can also be used

for diffusion simulations under various boundary conditions* 7,
Extending on previous work where local analysis of a pore network was achieved'®?°, we
present here an imaging and analysis workflow for the quantitative multiscale

characterization of an entire 2-pum sized porous silica microsphere with 10 nm pores via LC-
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STEM tomography. The obtained 3D data is used to investigate for the first time variations
in pore size distribution, porosity as well as the intraparticle diffusivity and tortuosity
between different regions within the same microsphere via lattice Boltzmann simulations.
The results are compared to standard bulk characterization techniques such as nitrogen
physisorption and show an excellent match between properties on bulk and single particle
level. With this multiscale imaging and quantification workflow in hand, materials that
expose hierarchical ordering or a graded porosity can now be investigated.

4.2 Imaging and analysis workflow

To image the 3D pore structure of the mesoporous silica microsphere, a specially designed
data processing workflow was implemented that is summarized in Scheme 4.1. The
workflow consists of several steps that will be briefly introduced below. For detailed
information on the design rationale and detailed explanantions of each specific step we refer
to the Appendix section 4.1 and supporting Figures A4.2-A4.10.

LC-STEM acquisition

| Step 1. Alignment |Step 5. Filtered back-projection

| Step 2. Background correction | Step 6. Median filter

| Step 3. Charge correction | Step 7. Spherical mask

| |
| |
| |
| Step 4. Linearity correction | | Step 8. Segmentation |

I

Quantitative analysis of segmented
3D volume to determine local porosity
and pore and strut size distributions

Scheme 4.1: Workflow for the quantitative electron tomography of a commercial mesoporous silica particle (steps
explained in the main text).

The first important step towards quantification of an electron tomogram is the alignment of
the tilt-series of 2D STEM images (step 1 in Scheme 4.1 and Appendix section 4.1.2). Tilt-
series alignment is conventionally performed by manual or automatic tracking of the position
of several gold fiducial markers on the sample or the support film over each projection
angle*®®. However, since the investigated silica particle was close to a perfect sphere, the
center of the sphere could be used for tilt-series alignment instead. By tracking the position
of the center, the corresponding xy-shifts between images during tilting are obtained. These
xy-shifts were subsequently used to align the tilt-series automatically and without the need
for any gold fiducial markers.

The intensity of the background with tilt was then corrected (step 2 in Scheme 4.1 and
Appendix section 4.1.3), followed by the local charging of the particle (step 3 in Scheme 4.1
and Appendix section 4.1.4). The silica particle is not interacting uniformly with the electron
beam, which causes local charging®. Due to this there are two different thickness-intensity
relations present in the particle: one for the charged side (left side) and one for the uncharged
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side (right side) (Figure 4.1a). To correct for charging, a mean experimental projection image
of the microsphere was calculated. This image was obtained by averaging over all 137 STEM
projections using the center 90% percentiles of each pixel. Then, a radial symmetric image
of the particle was computed that is based only on the thickness-intensity relation of the non-
charged side. By dividing this radial symmetric image by the mean projection image, a
correction factor image for the charging effect is obtained. Since the correction factor image
is based on the mean projection image, local variations in the projected porosity of the particle
are preserved. After applying the charge correction to the tilt-series, the maximum intensity
is observed (as expected for a sphere) in the center of the particle throughout the tilt-series.

Figure 4.1: (a) STEM micrograph at 0° tilt rendered in false color for better visibility of nonlinear thickness and
residual charging artifacts. (b) STEM micrograph at 0° tilt after correcting for the background, charge and
nonlinearity. The intensity now scales linearly with the thickness. (¢) Central numerical cross section after
segmentation. The vaguely visible horizontal line through the center is an artefact appearing along the rotation axis.

To correct for nonlinearity between image intensity and projected thickness (step 4 in Scheme
4.1 and Appendix section 4.1.5), a projection of a perfect sphere was created with the same
dimensions as the investigated particle. By dividing the projection of a perfect sphere by the
mean experimental projection image, a correction factor image for nonlinearity was obtained.
Multiplying this correction factor image with the charging corrected images of the tilt-series
finally provides a tilt-series of the particle which is linearized in intensity with preserved
local variations in porosity (Figure 4.1b).

The intensity linearized tilt-series was then reconstructed (step 5 and 6 in Scheme 1 and
Appendix section 4.1.6) by a standard weighted back projection algorithm with linear density
scaling®, a low-pass weighting filter (0.2 px! cut off with 0.05 px! fall off) and followed
by an edge preserving median filter (5 x 5 x 5) for further denoising®'. The reconstruction
has a total size of 1601 x 1601 x 1601 voxels and a final pixel size of 1.432 nmpx"'. After
reconstruction, the 3D data inside a spherical mask corresponding to the particle (step 7 in
Scheme 4.1 and Appendix section 4.1.7), was segmented using a global intensity threshold
(step 8 in Scheme 4.1 and Appendix section 4.1.8). This threshold corresponds to a particle
porosity of 65%, as determined by N, physisorption for the bulk material. Segmentation
assigns all pixels with intensities below the threshold to a value of 0 which is considered a
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pore, while every pixel value above the threshold is set to 1 and considered to be silica. An
example of a numerical cross section through the 3D reconstruction is shown in Figure 4.1c.

4.3 Quantification of porosity, strut and pore size distributions

Quantification of the segmented reconstruction enables us to calculate globally and locally
the porosity, strut and pore size distribution (PSD), which cannot be done by any other means.
The segmentation approach that was used to calculate the size distributions is reasonable,
because the assumption of a segmentation threshold based on global porosity and the analysis
of the local PSDs are not directly related properties.

To quantify the data in different regions of the particle 13 sub-volumes of 250 x 250 x 250
voxels in size each were extracted, which are located along the x-axis from left to right (in
red), along the y-axis from back to front (in green) and along the z-axis from top to bottom
(in blue), respectively (Figure 4.2a). Size distributions of the pores and silica struts of
respectively the whole particle and of each of the sub-volumes were calculated using the
following procedure (Figure A4.9). First, a Euclidean distance transform is calculated from
the segmented data (inverse logical for pores) to obtain a distance map which, for each point
making up the pores, gives the shortest distance between this point to the pore boundary, i.e.,
the nearest silica surface’?. Next, the centerlines of the pore network are obtained by
skeletonization®. By multiplying the distance map with the skeleton of the pore network only
values along the centerlines of the pore network are selected and considered for calculation
of the pore diameter distribution. Since the values given in the distance map effectively
represent the locally observed pore radius, multiplying them by two times the pixel size gives
the pore diameter. Due to resolution constraints (reconstruction, noise removal, etc.) values
larger than 5 pixels (7.2 nm) are considered reliable. All remaining values are sorted in a
histogram with a bin size of 1 pixel (1.4 nm) and normalized with respect to the total pore
volume. The same is done for the silica strut network using the original binarized data without
logical inversion.

Globally, the PSD obtained from the tomography of the whole particle match excellently
with the PSD obtained from nitrogen physisorption data of the bulk material (Figure 4.2b).
This indicates an extraordinary homogeneity of the product (from particle to particle). There
is a slight difference between the PSD obtained from the adsorption isotherm compared to
the desorption isotherm because there is a physical difference in the way the pores are filled
(capillary condensation) and emptied (capillary evaporation).

Locally, the PSDs in the middle of the particle are slightly narrower than the PSD over the
whole particle and the PSDs on the edge of the particle are slightly broader (Figure A4.10).
Along the x-axis the pores are somewhat smaller at the center (9.6 + 1.3 nm) than at the edge
of the particle (11.6 + 2.5 nm), whereas the size of the silica struts network remains constant
throughout the particle (8.9 + 0.9 nm) (Figure 4.2¢). A similar trend can be seen along the z-
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axis, except here the size of the silica struts is also slightly larger at the edge of the particle
(9.6 £ 1.4 nm) than at the center (Figure 4.2d). The sub-volumes along the y-axis show a
different trend. Here, the pores are slightly larger at one edge of the particle (10.7 + 2.0 nm)
than at the other edge of the particle (10.0 = 1.5 nm) (Figure 4.2¢).
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Figure 4.2: (a) Schematic representation of the segmented reconstruction in which 13 sub-volumes of 250 x 250 x
250 voxels are highlighted along the x-axis (in red), y-axis (in green), and z-axis (in blue), respectively. (b)
Comparison of the PSD of the whole particle as determined via tomography versus the PSD determined via N, gas
physisorption. The close match indicates an extraordinary particle-to-particle homogeneity. (c-e) Local variations in
the mean pore diameter and mean strut diameter along the x-axis, y-axis, and z-axis, respectively.

The local porosity, defined as the number of pore pixels times the pixel size and divided over
the total size of the sub-volume, also varies slightly throughout the particle. Along the x-axis
the porosity is clearly higher at the edge of the particle (¢ = 0.74) compared to the center (¢
= (0.62), whereas it remains relatively constant (¢ = 0.62 + 0.02) along the y-axis and z-axis,
respectively (Figure 4.3a-c). The trend in porosity follows the average pore and strut size
variations along the major axis.

Since the pore network of the investigated particle is governed only by the size of the silica
sol nanoparticles, and the size of the silica struts network remains constant throughout the
particle, the observed inhomogeneity in porosity and pore size must be a result of the
formation mechanism. We hypothesize that, due to evaporation of water, the emulsion
droplet initially decreases in diameter accompanied by an increase in solid concentration near
the droplet interface. This results in gelation starting from the droplet surface with further
water evaporation being then somewhat hindered, which could explain a slight difference in
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particle volume fraction throughout the particle. Similar effects have been observed in, e.g.,
spray drying of droplets containing solid nanoparticles’.

These local intraparticle differences indicate subtle but unmistaken local inhomogeneity
throughout the particle, which could have a profound impact on the mass transport behavior
throughout the particle®®. This is important because the particle is used in chromatography
applications where mass transport plays an important role in the separation efficiency. Insight
in the behavior of mass transport through multiscale porous structures can ultimately lead to
better computer models and the design of more efficient particles®’.

4.4 Lattice Boltzmann diffusion simulations

The segmented 3D tomography data can also be used to simulate locally the effective
diffusion!®!%2022-25 Here we do so for all 13 sub-volumes within the same sphere using the
lattice Boltzmann method to solve the diffusion equation (Appendix section 4.2.1)*. This
gives a value for the effective intraparticle diffusion coefficient 2. over the free diffusion
constant 2, which depend on the geometry of the structure (porosity and tortuosity) but not
on the length scale of the pores (Figure 4.3a-¢)*%%:

s

Dy =k, (4.1)

€]

where 2. is the effective diffusion coefficient in the pore network, 2y is the free diffusion
coefficient (2.3x10™ m*s™") and k" is a dimensionless proportionality factor called the
‘geometry factor’.

The results in Figure 4.3a-c show that the diffusion constant is almost proportional to the
porosity in the sub-volume for each of the three major axis. The higher the local porosity, the
higher the local diffusion constant. The diffusion constant was computed in three directions
for each individual sub-volume. Although the diffusion coefficient should be more or less
constant in each direction because there is no obvious distinct anisotropy in the particle, there
is a clear distinction between the diffusion values in the x-, y-, and z-direction in each
individual sub-volume (Figure A4.11). This is unrelated to the particle morphology but is
rather a result of the so called ‘missing wedge of data’ from the tomography due to the limited
angular range of projections®. To account for the anisotropic resolution, tomography data
was simulated from a perfectly isotropic cube with the same dimensions and porosity as the
investigated particle (Appendix section 4.2.2). Projections were computed over the
experimental angular range (£ 68°) as well as over the full angular range (+ 90°). Simulated
reconstructions were then calculated with and without the same processing steps that were
applied to the experimental tomogram of the investigated particle (Table A4.1).
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Figure 4.3: (a-c) Local variations in the porosity and intraparticle diffusion coefficient along the x-axis, y-axis, and
z-axis, respectively. (d-f) Local variations in the intraparticle tortuosity coefficient along the x-axis, y-axis, and z-
axis, respectively.

The results show that there is no difference in the values for 2./ 2y with or without
processing, indicating that the processing steps that were applied do not shift the location of
the pore boundaries. In addition, there is no variation for 2./ 2 in the x-, y-, and z-direction
in each sub-volume when projections were computed over the full angular range. This
indicates that anisotropy in the direction of the missing wedge artefact (z-direction) is a
limitation of the imaging approach and is unrelated to the observed local inhomogeneity of
the investigated particle.

4.5 Intraparticle tortuosity

The relationship between the intraparticle porosity and intraparticle tortuosity, defined as the
length of the traveled distance through the medium to the straight-line length across the
medium, has significant implications for mass transfer behavior through porous media and
has been the subject of many studies over the past decades®'=%. Barrande et al.% derived the
following equation for the intraparticle tortuosity from particle conductivity experiments on
spherical glass beads:

7=1-0.491n¢ (4.2)

where 7is the intraparticle tortuosity and ¢ is the intraparticle porosity.

Barrande et al. state that tortuosity is a topological characteristic of the material and therefore
depends only on porosity for a random system of spheres. As a consequence, they argue that
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the equation is also valid for any particle that itself is made of a random distribution of dense
spheres if the porosity is homogeneously distributed through the particles. Applying equation
(4.2) on our data and averaging over each of the 13 sub-volumes yields an intraparticle
tortuosity of 1.21 + 0.03 (Figure 4.3d-f), which is in good agreement with results reported
in literature®®%, An intraparticle tortuosity close to 1 indicates that there is little to no
hindrance to diffusion, which is important in separation applications®.

The tortuosity can also be derived from the lattice Boltzmann diffusion simulations®’:
Dy =—9D, 4.3)

where ¢ is the intraparticle porosity and zis the tortuosity of the structure, 2.t is the effective
diffusion constant and % is the free diffusion constant.

Applying equation (4.3) on our data and averaging over each of the 13 sub-volumes yields
an intraparticle tortuosity of 1.26 £+ 0.05 (Figure 4.3d-f), which is in very good agreement
with the intraparticle tortuosity derived from equation (4.2). This indicates that equation (4.2)
is a simple yet surprisingly accurate way to get an indication for the intraparticle tortuosity
for these types of materials.

The diffusion simulations and tortuosity calculations confirm that there are local intraparticle
differences that will have an impact on the diffusion path across the particle. With these new
insights into the intraparticle morphology, steps can be taken towards elucidating the mass
transfer behavior inside the studied commercial mesoporous silica microspheres or other
materials in the future.

4.6 Conclusions

We present a method to obtain quantitative insight into pore and strut size distributions
throughout mesoporous silica spheres and, hence, mass transport through multiscale porous
structures using LC-STEM tomography in combination with lattice Boltzmann simulations.
We show for the first time on the example of commercially available mesoporous silica an
excellent match between the single microsphere level and the bulk material. Furthermore,
quantifying differences in the pore distribution, intraparticle diffusivity and tortuosity
between different regions that cannot be obtained otherwise highlight the benefits of using
multiscale electron tomography in combination with image analysis. Expanding the
technique to other materials can lead to new approaches to tune particle porosity and/or
graded porosity and to optimize mass transfer kinetics on the single microsphere level.
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4.7 Materials and methods

Materials

Mesoporous silica microspheres were provided by Nouryon Pulp and Performance
Chemicals (Bohus, Sweden) and are commercially available under the brand name
Kromasil® Classic — 100 A SIL 1.8 um. The material was characterized using nitrogen
physisorption (Micromeritics TriStar 3000). The results are shown in Figure 4.4. The sample
displays ITUPAC type IVa behavior, which is characteristic for adsorption behavior inside
mesoporous solids. The hysteresis loop indicates a disordered mesostructure. The particles
have an average particle size of 2 um, a BET specific surface area of 317 m*g™!, a pore
volume per gram of 0.86 cm*g™!, and an average pore diameter of 10.9 nm. The average
porosity of the particles was calculated from the pore volume per gram particles and the
density of amorphous silicon dioxide®®:

Vpore
§=— =065 (4.4)
4T

pore
Psio,

where Vpore is the pore volume per gram particles and psio is the density of amorphous SiO»,
which we assume as 2.2 g-cm>.%° While this value can be disputed, the effect of changing
psio2 within reasonable boundaries is limited.
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Figure 4.4: Representative N, adsorption/desorption isotherms of the porous silica microspheres used in this study.
The isotherms display IUPAC type IVa behavior and the hysteresis loop indicates a disordered mesostructure. Inset:
pore size distribution, as obtained from the adsorption and desorption isotherm, respectively.

The mesoporous silica microspheres were synthesized according to a method described in
detail elsewhere™. In brief, the starting material is a basic aqueous silica sol, with a particle
size corresponding to an area within the range of from about 50 to about 500 m2-g~!. The sol
is emulsified in a polar, organic solvent that has a limited miscibility or solubility with water,
such as, e.g., benzyl alcohol. The emulsification is carried out in the presence of a non-ionic
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emulsifier, such as cellulose ether. Water from the emulsion droplets is subsequently
removed by distillation under an elevated temperature and reduced pressure, causing the
silica nanoparticles inside the emulsion droplets to form a gel network. After washing with
ethanol and water the silica microspheres are calcined at 600 °C to ensure no organic material
is left inside the material. The pore dimensions are governed only by the size of the silica sol
nanoparticles and reaction conditions’'. No templating additives are added to guide or
otherwise alter the pore structure.

TEM sample preparation and STEM tilt-series acquisition

A spatula of dry silica particles was suspended in ethanol and 3 pl drops of the suspension
were applied on 200 mesh copper TEM grids with a continuous carbon film (Electron
Microscopy Sciences) and left to dry in air. The grids were surface plasma treated for 40 s
using a Cressington 208 carbon coater and loaded with 20 nm gold fiducial markers prior to
use.

LC-STEM micrographs were recorded with the TU/e CryoTitan electron microscope
(Thermo Fisher Scientific) operating at 300 kV in microprobe STEM mode at a spot size 9
with an image sampling of 4096 x 4096 pixels. Image magnification was set at 38000x (pixel
size 0.716 nm-px "), such that only one particle was located in the field of view. The
convergence semi-angle was set at 2 mrad and the camera length was set to 240 mm with
images being recorded on a Fischione high-angle annular dark-field detector (HAADF)
STEM detector. The convergence angle and camera length were experimentally optimized to
get a large depth of field as well as to capture as many scattered electrons as possible, while
retaining a high enough spatial resolution to resolve the individual pores. A tilt-series was
recorded from a tilt angle of —68° to +68°, every 1° with a total frame time of 20 s.

A representative image of the analyzed particles is shown in Figure A4.1a. It can clearly be
seen that the particle is nearly perfectly spherical.

Image processing

Most image processing steps were done in MATLAB R2016b using an in-house developed
script and the DIPlib scientific image processing library V2.8.1. The workflow is shown in
Scheme 4.1 and is further described in the main text. Detailed information regarding each
step can be found in the Appendix section 4.1 and in Figures A4.2-A4.10.

The tomography data was reconstructed in IMOD 4.9 using a weighted back projection
algorithm with a linear density scaling of 1 and a low-pass radial filter (0.2 px ! cut off with
0.05 px~! fall off).* A median filter (5 x 5 x 5) was applied to remove shot noise. Both filters
set the resolution cut-off at 5 pixels.

3D visualization of the reconstruction was done in Avizo 8.1 (Thermo Fisher Scientific).
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Lattice Boltzmann Simulations

In order to transform the tomographic reconstruction into a 3D surface suitable for diffusion
simulations, the segmented reconstruction was converted into a triangulated isosurface using
VoxSurface 1.2 (VINN Excellence SuMo Biomaterials Center). Lattice Boltzmann
simulations were then performed using Gesualdo 1.4 (VINN Excellence SuMo Biomaterials
Center). The lattice Boltzmann method was used to solve the diffusion equation using zero
flux boundary conditions on the material surface®. After the diffusion equation was solved
to steady state, the effective diffusion coefficient was computed from the average flux in the
direction of the concentration gradient. Additional information can be found in the Appendix
section 4.2.
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Appendices
Appendix 4.1 Detailed description of the workflow
4.1.1 Image intensity in STEM mode

The image intensity in STEM mode is based on the number of scattered electrons. The
number of electrons that are scattered depends on the chemical composition of the material
and the position of the annular ring detector. The annular ring detector can collect electrons
within the collection angles S to fou, Which is determined by the camera length. Electrons
scattered under high angles can be captured by a low camera length, whereas electrons
scattered under low angles can be captured by a high camera length!. The image intensity
scales more or less linearly with respect to the thickness of the sample. However, at high
sample thickness the image intensity becomes damped due to some electrons being scattered
outside of the annular ring detector>*. This nonlinear damping of the image intensity causes
artifacts in the tomographic reconstruction: the interior of the sample becomes
underestimated while the exterior is overestimated (Figure A4.1b). In addition, electrostatic
interaction of the particle with the electron beam can cause local increased intensity values™
6. These artefacts makes it difficult to calculate a global threshold for image segmentation,
especially in homogeneous samples. Very thick samples with very small features such as the
particles in this study cannot easily be segmented based on a difference in intensity and thus
requires a different approach, as outlined below.
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Figure A4.1: (a) LC-STEM image of a Kromasil® Classic — 100 A SIL 1.8 um. (b) Central numerical cross-section
of the reconstruction after segmentation using a standard weighting back projection algorithm and without correcting
for any imaging artefacts. An intensity gradient is clearly visible due to nonlinearity between the signal intensity and
the particle thickness.

4.1.2 Alignment of the particle

During the measurement of the sample, the projection of the particle shifts in the image.
These shifts are caused by movements of the sample under the microscope. However, for a
good reconstruction steady images that are rotated around one single point are required. In
this particular case there are two ways to align the particle: 1) alignment by tracking gold
fiducial markers and 2) alignment based on the sphericity of the particle.

Because the particle is spherical, a clear circular object is visible in every projection. A
threshold is applied to split the object from the background and an outline is determined. The
radius and center of this object are then fitted using the least-squares method and the image
is cropped, so that the center of the particle is always in the center of the image (Figure
A4.2). A profile of the center and radius of the particle along the rotation angles is shown
Figure A4.2b. It is clear that the series is tilted around the x-axis because the x-coordinate of
the center of the particle in the projections remains constant. A minor decrease in the radius
is visible from 744 pixels at —68° to 735 pixels at +68°. This shrinkage is the result of beam
damage during image acquisition. After the alignment step the projections have a size of 1601
by 1601 pixels.
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Figure A4.2: (a) STEM micrograph at 0° tilt rendered in false color for better visibility of nonlinear thickness and
residual charging artifacts. (b) Profile of the fitted x- and y-center coordinates and radius of the outline in pixels
along the rotation angles. A small decrease is visible from 744 pixels at —68° to 735 pixels at +68° due to beam
damage.

4.1.3 Background correction

During image acquisition the particle is positioned on top of a carbon layer. This increases
the intensity that is measured. Only the particle should be reconstructed in the filtered back-
projection and therefore the background intensity of the carbon layer should be subtracted.
However, the planar travel length of the beam is affected by the angle of plane and due to the
carbon layer it is different for every rotation angle (Figure A4.3).

The variation of the background intensity caused by the carbon layer is measured in two
steps. In the first step a rough background is selected for each individual angle by using an
intensity threshold of 6000. All values below the threshold are considered background values.
For each tilt angle the mean value and standard deviation are calculated. The mean
background intensity and the mean background intensity minus one standard deviation are
shown Figure A4.3c. In each projection an intensity is subtracted equal to the mean
background at that specific angle minus the standard deviation at this angle.
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Figure A4.3: (a) Beam travelling through a sample and the underlying carbon layer at a tilt angle of 0 °. (b) Beam
traveling through a sample and the underlying carbon layer at a tilt angle of 45°. The travel length A through the
carbon layer increases with increasing tilt angles. (¢) Difference in background intensity caused by the carbon layer
under various angles.

4.1.4 Charging correction

Charging occurs when the electrons of the beam interact with the silica sample. The imaged
particle seems to have an increase in intensity on the left side of the particle, which is further
on referred to as the charged side. The right side seems to be less affected and is referred to
as the non-charged side.

A mean frame projection is created from all 137 projections by averaging using the center
90% percentiles values of each pixel. The fact that the particle projection is still asymmetric
after averaging over all angles shows that charging is an effect of the beam and is unrelated
to the porosity distribution of the particle. This asymmetry is further investigated by studying
the radial average of the particle. The radial average is made by laying a raster of concentric
circles on top of the image, starting from the chosen center. The spaces between the
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concentric rings are called radial bins. By collecting the intensity values in each bin and
averaging over these values, an array of averaged intensity values for each radial bins is
found. This array can then be displayed in a line plot where the radius of the radial bins is
plotted against the averaged intensity of the bins. To investigate how the left side differs from
the right side of the particle, two radial averages are made for the non-charged and charged
side, respectively (Figure A4.4). From the radial average plot it is clear that the non-charged
side has much lower radial average intensity values than the charged side. It is also visible
that the radial average of the charged side has a maximum value at 215 pixels away from the
center. This is, however, unphysical because the highest intensity should always be in the
center at the position where the spherical particle is the thickest.
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Figure A4.4: (a) Mean projection image of the particle. The particle is divided in a charged side (in red) and in a
non-charged side (in green). (b) Radial average of the whole particle, charged and non-charged side. The black dot
indicates the maximum intensity value of the charged side.
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That there are two different relations between the thickness and intensity can also be seen in
a thickness-intensity map. A thickness-intensity map is a matrix where the rows correspond
to a thickness, the columns correspond to an intensity and the values inside the matrix give
the amount of occurrences of this thickness-intensity combination in the projection image.
The thickness-intensity map can be very useful to see which thickness-intensity relations are
present and if a charging correction has been successful in correcting the charged area. To
make a thickness-intensity map, an intensity image should be known and a theoretical
thickness image should be known. The theoretical thickness image is an image of the
thickness of a perfect sphere. In the alignment step the center (xc ; yc) and radius X of the
particle in the projections have been found. The projections were then cropped so that the
center of particle was in the middle and therefore (xc; yc) = (0 ; 0). Because the particle is
known to be a sphere, the theoretical thickness & for a sphere with radius & can be calculated
for every pixel (xc; yc) in the projection:

R —x2 =2 ifxX+1 <R
PR O I Y (A4.1)

0, ifx2+y2>52
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For every pixel (x ; y) in the projection a theoretical thickness is known and a thickness image
can be produced as can be seen in Figure A4.5a. In perfect circumstances the thickness-
intensity map of a uniform sphere should only show one linear line, because the intensity
increases linearly with the thickness, and the sphere would be radially symmetric. If the
sphere would be porous, a line would still be visible, but there would be a distribution in
intensity for every thickness value. From the thickness-intensity map of the imaged particle
(Figure A4.5b) it can be seen that not one line, but two lines are visible. The reason for this
is that there are two sides in the particle, a charged and a non-charged side. Each of these
sides has a different thickness-intensity relation.
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Figure A4.5: (a) Theoretical thickness image of a perfect sphere. (b) Thickness-intensity map of the imaged particle.
Two relationships are visible, one for the charged side (right profile) and one for the non-charged side (left profile).
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A correction for the charging effect is created using the non-charged area of the mean-
projection image shown in Figure A4.5a. From the radial distribution of this area, a new
image is made that is fully radially symmetric. A charging correction image is then found by
dividing the radial symmetric image of the non-charged side by the mean projection image
(Figure A4.6a):

Radial symmetric image(x, y)

Sonarging (%) = (A4.2)

Mean projection image(x, y)
It may seem that this correction will also remove all local porosity variations, but the
correction is based on the average over all projections, therefore deviations of the average
are preserved. The intensity gradient in the image after charging is now radially symmetric,
while local variations are still preserved (Figure A4.6b).

A second option to show the effectiveness of the charging correction is by making another
thickness intensity map, as can be seen in Figure A4.6¢c. Now only one clear thickness-
intensity relation is visible. There is still a small remainder of the charged-side thickness-
intensity relation visible, but this relation is only a small fraction of what it was before. A
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third possibility to investigate whether the charging correction was successful is to make
another radial average. The result is shown in Figure A4.6d. Now all lines fall together, and
the maximum value is in the center. Therefore, this radial average shows that the charging
correction was effective. The curve still differs from the radial average of a perfect sphere
because the thickness intensity relation is still not linear.
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Figure A4.6: (a) Image of the charging correction, which consists of the ratio between the radial symmetric image
based on the non-charged side and the mean projection image. (b) STEM micrograph at 0° tilt after correcting for
the background and charge. (¢) Thickness-intensity map after the charging correction. The majority of the map
agrees with the non-charged thickness-intensity relationship. (d) Radial average of the projections after the charging
correction compared to the radial average of a perfect sphere that is scaled to the maximum value of the projections.

4.1.5 Linearity correction

Besides charging, another cause for the inhomogeneity is the fact that the thickness-intensity
relation is still not linear. Therefore, another correction is applied, similar to the correction
in the previous section. In this step the correction for each pixel is defined by the image of a
perfect sphere and the mean projection image:
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Spherical thickness image(x, y)

fiinearity (x’ y) = (A43)

Mean projection image(x, y)

The thickness image that is used is the same image as shown in Figure A4.6a. When the
linearity correction is applied, the intensity values now successfully correspond to the
thickness of each point in the projection (Figure A4.7a). Local deviations are still preserved
in the image because the correction was based on mean intensity image and not on a specific
frame. In the thickness-intensity map in Figure A4.7b the relation between the thickness and
the intensity also appears linear, in contrast to the thickness-intensity map in the previous
section and the radial average is now similar to that of a perfect sphere as is displayed in
Figure A4.7c.
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Figure A4.7: (a) STEM micrograph at 0° tilt after correcting for the background, charge and nonlinearity. (b)
Thickness-intensity map after linear correction. The intensity now scales linearly with the thickness. (¢) Radial
average of the projections after linear correction. The profile now fits perfectly with the radial average of a perfect
sphere.
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4.1.6 Filtered back-projection and median filter

After the linearity correction, the particle is reconstructed in IMOD 4.9 using a weighted back
projection algorithm with a linear density scaling of 1 and a low-pass radial filter (0.2 px!
cut off with 0.05 px™! fall off)’. The result of the filtered back-projection is a 3D matrix of
1601 x 1601 x 1601 voxels and a final pixel size of 1.432 nm-px_!. A low voxel value
constitutes a high probability of a pore and a high voxel value constitutes a high probability
of silica voxel. However, seemingly random spikes appear in the matrix as well, which are
considered noise. Noise can occur in the reconstruction when the sample is slightly moved
in the projections, or because not enough projections were used in the reconstruction. The
noise can be reduced by a median filter, which is similar to a Gaussian smoothing function
in the way that is uses a window of the surrounding cells to modify the voxel value®.
However, in a median filter every cell is replaced by the median values of the window of that
cell. In this step a median filter with a window of 5 x 5 x 5 voxels are used. The center
numerical cross section of the reconstruction after applying the median filter is shown in
Figure A4.8a.

Figure A4.8: (a) Central numerical cross-section through the reconstruction after correcting for the background,
charge and nonlinearity. The reconstruction has a total of 1601 x 1601 x 1601 voxels. High intensity values indicate
silica, low intensity values indicate pores. (b) Central numerical cross-section after masking. A perfect spherical
mask with a radius of 735 pixels is used. (¢) Central numerical cross-section of the segmented reconstruction after
applying all corrections. A global threshold of 294 is chosen in order to get a global porosity of 65%. The vaguely
visible horizontal line is an artefact appearing along the direction of the rotation axis.

4.1.7 Spherical mask

Even though the particle is a sphere, values other than zero are also found outside the
reconstructed object. The reason for this is that the reconstruction is not yet perfect. The
reconstruction would improve if more than 137 projection and a wider range of angles were
used’. However, it is known that the object is a near perfect sphere and therefore all the data
outside the sphere in the reconstruction can be discarded. Therefore a perfect spherical mask
is placed over the image. The mask is based on the distance » of a voxel to the center and the
maximum radius of the sphere %max. The value of ®max is 738 pixels. Every voxel where the
distance to the center » exceeds the maximum radius Rmax is set to zero. The result is shown
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in Figure A4.8b. All values inside the reconstruction are distributed between around —200
to 700.

4.1.8 Segmentation

The last step of the workflow is the segmentation step. In order to segment the particle, all
values inside the 3D mask are collected. These values are then sorted from low to high in a
distribution. Because nitrogen adsorption showed that 65.3% of the particle consists of pores,
the 65.3 percentile in the distribution is taken as the global threshold. Every value below this
threshold is then considered a pore, a zero in the reconstruction. Every value above the
threshold is silica, a one in the reconstruction. The center numerical cross section of the new
binary reconstruction is shown in Figure A4.8c. The porosity in this image seems to be
uniformly distributed. A horizontal line is vaguely visible through the center of the figure,
which is most likely an artefact created during the reconstruction by the rotation axis which
is positioned in the same area.

In this context it is important to note that: depending on the total electron dose for data
acquisition in combination with the employed reconstruction algorithm, tilt-range and
increment of data acquisition, and the chosen segmentation threshold the size and shape of
segmented features will vary!'%-12,

4.1.9 Calculating the pore size distribution

Figure A4.9: Schematic workflow for the calculation of the pore size distribution. (a) Binary image of two pores
shown in white. (b) Corresponding distance transform. The intensity scales with the distance to the pore boundaries.
(¢) Distance transform overlaid with the corresponding skeleton. The skeleton does not extend all the way to the
edge due to applied edge conditions. (d) Histogram of the corresponding pore size distribution.
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Figure A4.10: Comparison of the local pore size distribution along the (a) x-axis, (b) y-axis and (c) z-axis,
respectively. The variations in the pore diameter indicate a subtle inhomogeneity throughout the particle.
Comparison of the local strut size distribution along the (d) x-axis, (e) y-axis and (f) z-axis, respectively. The strut
size remains relatively constant throughout the whole particle.

Appendix 4.2 Detailed description of the diffusion simulations
4.2.1 The diffusion equation

The tomographic reconstruction was used to compute the intraparticle diffusion constant via
lattice Boltzmann simulations'. To this end, the lattice Boltzmann method was used to solve
the diffusion equation inside the same sub-volumes as described in the main text but scaled
down to 150 x 150 x 150 voxels:

oC
5 VAC (A4.4)

where AC is a concentration gradient in pore network and % is the free diffusion coefficient

in the pore network (2.3x107° m?s™!). The equation was solved using zero flux boundary
conditions on the material surface'*!3:

oC
_@0 A 0 (A4.5)
on

where 7 is the outward-pointing unit normal vector, such that no diffusion takes place in the
solid phase of the material. The top and bottom of the cube were set as the influx and outflux
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boundaries (z = 0 and z = L) and the concentration was set to given values (C; and ) to
create a concentration gradient.

After the diffusion equation was solved to steady state, the effective diffusion coefficient
could then be computed from the average flux J in the direction of the concentration gradient:

— oC
J, =9 — (A4.6)
0z
The effective diffusion constant then becomes:
J L .
D =——T2" kD A4.7
eff C2 _ Cl 0 ( )

where C, — C; is the concentration difference, L is the thickness of the volume and k" is a
dimensionless proportionality factor called the ‘geometry factor’, depending only on the
geometry of the structure and not on the length scale or size of the object. However, it can be
different in different directions so it has to be computed in all three dimensions. In Figure
A4.11 the effective diffusion is simulated in the x-, y- and z-direction in each of the five sub
volumes along the x-axis of the particle. These results clearly show that the diffusion in the
z-direction is different than in the x- and y-direction. This could indicate that the structure is
anisotropic but it is probably the result of the missing wedge artefact’, as shown in the next
section.
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Figure A4.11: Effective diffusion in the five sub volumes along the x-axis of the particle, computed in the x-, y-,
and z-direction. The diffusion constant in the z-direction is notably different than the diffusion constant in the other
two directions, which is the result of the missing wedge artefact.

4.2.2 Missing wedge artefact

To account for the anisotropic resolution seen in Figure A4.11, tomography data was
simulated from an isotropic structure with the same dimensions and porosity over the
experimental angular range (+ 68°) as well as over the full angular range (£ 90°). To this end,
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a perfectly isotropic cube was created of 280 voxels (200 nm) using a diffusion limited cluster
aggregation (DLCA) algorithm for aggregating particles'®. The algorithm was run until all
particles had aggregated. The particles were then allowed to “sinter” by smoothing the
structure with a Gaussian filter (o = 2.8) to get an average pore size of 10 nm and a threshold
was chosen to achieve a porosity of 65%. Projections were then computed at angles from
—68° to +68° with steps of 1° and were used to reconstruct the 3D pore network.
Reconstructions were constructed with and without the same processing steps as for the
original tomogram, i.e., setting a threshold to match a porosity of 65% and applying a median
filter to remove noise, prior to the segmentation of the data. Then we computed the center of
mass, effective diffusion in all three coordinate directions, as well as the average pore size.
The results are shown in Table A4.1.

Table A4.1: Computed parameters for the simulated isotropic cube and the corresponding reconstructions.

. . . 68° tilt 68° tilt 90° Tilt
Simulation Isotropic cube . . .
pre-processing | post-processing | pre-processing
Center of ma 99.75 99.31 99.13 99.45
ix GZ;) (nm)ss 99.98 99.35 99.41 99.52
o 99.88 99.34 98.30 98.97
0.48 0.52 0.52 0.50
Desil Do (X,9,2) 0.48 0.49 0.49 0.49
0.48 0.45 0.46 0.50
Avg. pore size (nm) 9.94 10.03 10.51 10.27

The results show that the simulated isotropic cube is indeed perfectly isotropic: the center of
mass and effective diffusion constants have practically the same value in all three directions.
The average pore size is 10 nm, which is consistent with the input value and consistent with
the actual particle. The 68° tilt simulation pre- and post-processing has the same center of
mass and almost the same average pore size but different values for 2./ 2 in the direction
of the missing wedge artefact (z-direction) compared to the other directions, indicating that
the imaging approach introduces anisotropy. There is no difference in the values for 2.t/ 2,
indicating that the processing steps do not shift the location of the pore boundaries. There is
a slight difference in the average pore size pre- and post-processing but this is likely a result
of the relatively large smoothening effect of the media filter compared to the size of the
dataset.

If we look at the 90° tilt simulation we can see that the center of mass and 2.4/ 2h have a very
similar value in all three directions, indicating that no anisotropy is introduced by imaging.
There is a slight deviation in the 2.t/ 2 values but this falls well within the margins of the
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lattice Boltzmann simulations. These results clearly show that the limited tilt-series that has
been used for the tomographic reconstruction has a strong impact on the diffusion values
calculated via lattice Boltzmann simulations in the direction of the missing wedge artefact
(z-direction).
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Towards Monodisperse Microspheres using
Microfluidic Processing

Abstract

Emulsion-templated materials are widely used in materials science. Although emulsions are
powerful templates, a significant drawback is that they generally lead to very polydisperse
materials. Here, a microfluidic processing route is reported to produce a wide size range of
monodisperse emulsion droplets containing colloidal silica nanoparticle building blocks.
These confined nanoparticles are subsequently assembled into mesoporous silica
microspheres (MSMs). The formation mechanism as well as fundamental aspects, such as
droplet kinetics, are investigated using time-resolved imaging techniques. This includes the
comparison of imaging results quantified by image analysis with a theoretical mass-transfer
model, which is based on the droplet number density, solvent characteristics and temperature.
The results presented here provide key insights in the time-resolved formation of MSMs and
can be used to optimize experimental procedures for MSM formation and potentially lead to
a more direct route to monodisperse MSMs.

Part of this chapter is to be submitted as:

Fijneman, A. J. et al. Time-Resolved Investigation of Mesoporous Silica Microsphere
Formation using In Situ Heating Optical Microscopy, in preparation.
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5.1 General introduction

Emulsions are metastable dispersions of two or more immiscible liquids and are widely used
in, e.g., food!, personal care? and materials science®. Common applications include the use
of emulsions as precursors®, controlled-release systems® and as templates for the formation
of spherical materials®. One example of emulsion-templated materials is provided by
mesoporous silica microspheres (MSMs). MSMs are frequently used in high performance
liquid chromatography (HPLC) and play an important role in the separation and analysis of
a large variety of molecules based on differences in mass transfer properties’”. In several
industrially relevant processes, MSMs are synthesized via multiscale colloidal assembly of
silica nanoparticles (sols) as building blocks within the confinement of emulsion droplets'®-
13, A significant drawback of emulsions, however, is that they generally lead to polydisperse
particles. This is on account that emulsions are mainly produced by uncontrolled mixing and
shaking, high-pressure homogenization or jet homogenization (e.g., spray-drying)'4.

In HPLC a fluid (the mobile phase or eluent) containing the analyte is passed through a fixed
stationary bed (the stationary phase) and is separated into different fractions’. If the stationary
bed is packed too dense, i.e., by using polydisperse particles, the back pressure can become
too high for the system to handle. Hence, alternative preparation methods are required to
produce monodisperse but variable sized MSMs. One way to create highly monodisperse
MSMs of variable size is to use monodisperse emulsion droplets. Several technologies exist
to produce monodisperse emulsion droplets including controlled-shear'®, membrane
emulsification'® and droplet microfluidics'’. Microfluidic processing is the most powerful
technology to accurately control the droplet size over a wide range (1 — 100 pm) with a low
dispersity in size!’2°. Due to technological limitations microfluidic processing is not yet
suitable to produce emulsions on industrially desired volumes?!. However, its ability to
produce monodisperse droplets over a wide size range combined with its excellent
reproducibility renders droplet microfluidics an ideal platform to study fundamental aspects,
such as droplet kinetics, using time-resolved imaging techniques.

Previously, it has been shown that MSM formation is dependent on two main parameters: (1)
the rate of sol particle gelation 4 based on the size of the sol particles used as building
blocks, the reaction temperature and ionic strength, and (2) the rate of emulsion droplet
shrinkage rsnrink due to dewatering of the droplets, which is modulated by temperature, the
composition of the oil phase and back pressure (see also Chapter 3)?2. By manipulating the
balance between external confinement, process conditions and intra droplet nanoparticle
interactions, the porosity characteristics of the resulting MSMs can be tailored for different
applications'®'3, Although highly successful, insight into progression of droplet shrinkage
and gelation is very limited due to a lack of time-resolved data. Time-resolved studies on the
formation of MSMs have been performed using in situ small-angle X-ray scattering
(SAXS)*% and various theoretical models on the drying behavior of single droplets
containing insoluble solid particles exist?*>!. However, these studies lack spatially resolved
information that give access to the interactions of the emulsion droplets and the surrounding
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solvent. Therefore, to remain as close to the protocols used in industrially relevant
processes'®!3, a conventional optical microscope was outfitted with a heating and vacuum
stage in order to study the droplet kinetics during MSM formation in real-time.

In this chapter, we describe a microfluidic processing route towards highly monodisperse
MSMs with tunable porosity characteristics. Monodisperse emulsion droplets are generated
over a wide range of droplet sizes and are used to investigate the effect of various assembly
parameters on the formation of MSMs via dynamic time-resolved imaging. A theoretical
mass-transfer model is developed and its results are compared to quantitative imaging data,
showing an excellent match. With this strategy, the effects of various parameters on the
underlying kinetics of colloidal assembly in confined spaces were investigated in real-time.

5.2 Microfluidic droplet generation
5.2.1 Flow induced droplet break-up

Microfluidic droplet generators can generally be categorized into three classes based on the
way the droplets are produced: co-flowing devices, cross-flowing devices and flow-focusing
devices?*¥, In this work, flow-focusing devices are used to generate droplets. In a flow-
focusing device the dispersed phase and continuous phase are simultaneously pushed through
a small orifice (Figure 5.1). The dispersed phase is confined on both sides by the continuous
phase and is forced to break up into droplets. The main advantage of this type of device is
that the droplet size is easily controllable by the volumetric flowrate and the size of the
orifice*3,

\ _ bl
_ — e 1

Figure 5.1: (a) Schematic illustration of a microfluidic flow-focusing device, highlighting the flow direction of the

(2

dispersed (grey) and continuous phase (white), respectively. (b) Image of the device. (¢) Close-up image of the
orifice region. Symbols described in the main text.

Flow induced droplet break-up is a physical phenomenon that can be described using a set of
dimensionless numbers>33%, Arguably the most important one is the capillary number Ca,
which represents the effect of viscous stress versus that of the interfacial tension. In a flow-
focusing device the capillary number is given by>2:

| |
g = 1M - (5.1)
20M\Z | h,w, 2hw,
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where 7. is the viscosity of the continuous phase, wq the width of the dispersed phase channel,
O the volumetric flow rate of the continuous phase, o the interfacial tension, AZ the distance
from the end of the dispersed phase channel to the entrance of the orifice, /o the height of the
orifice, wor the width of the orifice, A the height of the continuous phase channel and w. the
width of the continuous phase channel (see also Figure 5.1¢). Under standard operating
conditions Ca generally ranges between 10~ and 10°°,

Another important parameter is the Reynolds number Re, which represents the effect of
inertia compared to the viscous stress®®. Due to the small length scales of microfluidic chips
and low flow rates Re is typically below 1, which is equivalent to fluid streams being laminar
and, thus, easily controllable®>. The Reynolds number and capillary number are related to
each other by the Weber number We = ReCa, which relates the effect of inertia to the
interfacial tension®. Finally, the ratio of the volumetric flow rates @ = Q4/Q., wherein Qq
and Q. are the volumetric flow rate of the dispersed phase and continuous phase, respectively
and the viscosity ratio A = 74/7., wherein 74 and 7. are the viscosity of the dispersed phase
and continuous phase, respectively are also important in droplet break-up3®.

5.2.2 Five regimes of droplet break-up

Droplet break-up can only occur if the flow patterns are stable. If the total flow rate is too
high or if the flow rate ratio is not well adjusted, no droplets are produced®”*®. Under normal
conditions five distinct regimes for droplet break-up exist. These are determined by the
capillary number, ratio of the volumetric flow rate and viscosity ratio and will be briefly
described below !,

Regime 1 (“squeezing regime”, Figure 5.2a) occurs at capillary numbers in the range of
(0.01 < Ca <0.5) and ratio volumetric flow rates in the range of (0.4 < @ < 1.0). Here, viscous
shear forces are low and the interfacial tension is relatively large. In this regime the dispersed
phase forms plug-like droplets, which completely block the orifice. This causes a buildup of
pressure in the continuous phase. Eventually the pressure becomes so large that droplets are
pinched off. These droplets are generally larger than the size of the orifice and
monodisperse*®*!. Regime 2 (“dripping regime”, Figure 5.2b) occurs at comparable capillary
numbers as the squeezing regime (0.01 < Ca < 0.7) but at a lower ratio of volumetric flow
rate (0.01 < @ < 0.4). Here, the viscous forces start to dominate over the interfacial tension.
In this regime the droplets break-up exactly at the orifice and before they have the chance to
block the orifice. These droplets are roughly the same size as the orifice and are also highly
monodisperse*>*, Regime 3 (“jetting regime”, Figure 5.2¢) occurs at capillary numbers in
the range of (0.5 < Ca < 2.0) and ratio of volumetric flow rates (0.05 < & < 1.0). Here, the
dispersed phase forms an elongated liquid jet, which breaks up into droplets due to Rayleigh
instability**. The droplets formed in this regime are generally polydisperse®. Regime 4 (“tip-
streaming regime”, Figure 5.2d) occurs at capillary numbers in the range of (0.8 < Ca <2.0)
and ratio of volumetric flow rates (0.01 < @ < 0.05). Under these conditions the dispersed
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phase is stretched out into an extremely thin jet with a conical-tip, which breaks up into
droplets that are significantly smaller than the size of the orifice’®*®. Regime 5 (“tip-multi-
breaking regime”, Figure 5.2e) is the rarest regime and only occurs at capillary numbers in
the range of (0.7 < Ca < 0.8) and ratio of volumetric flow rates (0.01 < @ < 0.05). Under
these conditions the conical tip of the jet is unsteady and periodically breaks of into multiple
droplets due to oscillations of the tip. The droplets produced in this way are polydisperse and
difficult to control*’*%, In general, the dripping regime is the preferred mode because it gives
the most monodisperse droplets over a wide size range.

All five regimes can occur regardless off the dimensions of the chip. If the ratio between Ca
and @ are scaled proportionally, the same break-up regime will occur. Specific to our
application case, the fact that the dispersed phase contains silica nanoparticles does not matter
as long as A is scaled proportionally. To illustrate the above behavior, the five break-up
regimes are plotted as a function of Ca and @ for droplets containing silica nanoparticles (5
wt%, 8 nm in diameter) and droplets without nanoparticles with A= 0.05 +0.01 (Figure
5.2f). The different regimes can be clearly distinguished while occasionally there is some
overlap of regimes due to the transition between modes.
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Figure 5.2: The five regimes of droplet break-up determined by a competition between the viscous forces, inertia
and interfacial tension: (a) squeezing mode, (b) dripping mode, (¢) jetting mode, (d) tip-streaming mode and (e) tip-
multi-breaking mode. Scale-bar: 200 um. (f) Overview of the five regimes with A = 0.05 + 0.01 for droplets with
(circles) and without silica nanoparticles (squares).
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5.2.3 Droplet size as a function of Ca and @

Similar to the droplet break-up regime, the size of the droplets is also a function of Ca, @ and
A. To control the droplet size over a wide range, four flow-focusing devices (chips) with
different geometrical dimensions and orifices were used (see also Table 5.1 in Materials and
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methods). Droplets produced with two of these chips (wor = 105 pm and 72 pm, respectively)
are shown in Figure 5.3.
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Figure 5.3: Droplet size as a function of Ca and @ for different microchips. The viscosity ratio A= 0.05 + 0.01 in
all cases. (a) wor = 105 pm. (b) wo, =72 pm.

Two trends are immediately clear. First, the larger the width of the orifice, the larger the
range of droplets that can be produced. For wo, = 105 pm, the droplet size can be controlled
from approximately 130 um down to 20 um. For wor = 72 pm, the droplet size can be
controlled from about 80 um down to 30 um. The range is limited by the width of the
channels as well as the maximum flow rate that can be obtained within the chip. Second, the
size of the droplets matches well with the different break-up regimes. As expected, the
droplets are the largest in the squeezing regime and the smallest in the tip-streaming regime,
regardless of the geometrical dimensions of the chip.

From Figure 5.3 it also becomes clear that predicting the droplet size is not straightforward.
The main reason for this is that Ca and @ are controlled indirectly by changing the ratio
between Q. and Qq4 and these do not scale linearly. If Qq is kept constant and Q. is varied, the
droplet size decreases exponentially with increasing Ca (Figure 5.4a). This is logical because
the larger Q. (and thus Ca), the thinner the dispersed phase jet that is produced. On the other
hand, if Q. (and thus Ca) is constant and Qq is varied, both the packing density and size of
the droplets can be controlled from a single stream of droplets at low Qq to an almost complete
hexagonal packing at high Q4 (Figure 5.4b).
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Figure 5.4: (a) Droplet size as a function of Ca at constant Q. In blue: wo, = 105 um, Qq = 5 pl-min". In red: w, =
72 pm, Qg =3 ul-min~". Q. was varied from 3 to 25 pl-min”'. The viscosity ratio was A= 0.05 + 0.01 in both cases.
(b) Packing density as a function of Qg for wer = 72 pm, Q. = 6 pl-min~'. Oy was varied from 0.5 to 5 pl-min". The
density increases from a single stream of droplets to hexagonal packing with increasing Qq. Scale-bar: 200 um.

5.3 Time-resolved MSM formation

In above sections the general principles of producing monodisperse emulsion droplets (with
and without silica nanoparticles) are described. In the next sections the droplets with
nanoparticles are turned into MSMs by controlled dewatering of the emulsion droplets
(evaporation-driven assembly)**>* and the formation process is studied in detail.

When aqueous droplets containing insoluble solids such as, e.g., silica nanoparticles are
dispersed in an immiscible liquid with a slight solubility for water and a temperature is
applied, the droplets shrink due to diffusion of water into the immiscible phase’!-*2. This leads
to an increase in solid concentration at the droplet surface and ultimately to the formation of
a solid particle. In most industrially relevant processes used for the production of MSMs
droplet shrinkage and nanoparticle gelation are intertwined, making it difficult to predict the
effect of different parameters on the assembly behavior of silica nanoparticles in confined
spaces'® '3, For example, we have shown in Chapter 4 that MSMs produced via controlled
drying can have local variations in porosity throughout the particles®. This could indicate
that water evaporation does not occur homogeneous throughout the gelation process and that
at some point during the process mass-transport is hindered, highlighting the need to study
droplet drying kinetics in-real time throughout the MSM formation process.

To follow the MSM formation process in time, a conventional optical microscope was
outfitted with a temperature-controlled heating and vacuum stage (Figure 5.5a). Samples
were placed in the middle of two glass clover slides separated by a thin metal spacer (d =200
um, respectively 300 pm). Two configurations were used: “closed” and “open”, based on the
type of spacer used (Figure 5.5b). In the “closed” system, the emulsion is not in contact with
the environment inside the temperature stage and water cannot evaporate from the solvent.
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This system is used to study the shrinkage behavior of pure liquid droplets as a function of
temperature. In the “open” system, a vacuum can be applied, and water can freely evaporate
from the solvent. This system is used to study the actual formation of MSMs.

gas inlet

Side view Top view
I — .

gas outlet

gas inlet

11 Top view
Side view
E I ——— >©

gas outlet

Figure 5.5: (a) Conventional optical microscope outfitted with a temperature-controlled heat and vacuum stage for
the time-resolved imaging of MSM formation. (b) Schematic illustration of the set-up. Top: “closed” configuration.
The emulsion is not in contact with the environment inside the temperature stage and no water can evaporate from
the solvent. Bottom: “open” configuration. The emulsion is in contact with the environment inside the temperature
stage and water can evaporate from the solvent. In the “open” configuration the temperature stage is sealed off with
a lid.

5.3.1 Droplet shrinkage as a function of 7

To investigate the fundamentals of droplet drying kinetics, pure water droplets without silica
nanoparticles were dispersed in phenethyl alcohol (PEA) and imaged using the “closed”
heating stage configuration. Figure 5.6a shows water droplets produced using a
microfluidics platform with an average starting droplet radius of ap = 23.5 + 1.6 pm. The
temperature profile was increased from 77 =22.8 °C to 7 =40 °C and 71 =24 °C to 7, = 50
°C with a d7/d¢ of 1 °C-min~!, respectively. Images were taken every 20 seconds for a total
of 25 and 33 minutes, respectively.

The center coordinates and radii of the shrinking droplets were measured using a Hough
transform algorithm for the detection of circles in MATLAB®*. The droplets move around
slightly during heating of the system. Therefore, a script was developed to track the center
coordinates of each droplet throughout the entire image stack. This was done by comparing
the x,y position of the center of each droplet in each image to the position and radii of the
droplets in the previous image. Based on the assumption that the droplets do not move around
too much, the droplet are tracked if the x,y shift between images is smaller than the radius of
the droplet (see Appendix section 5.1 and Figure AS5.1 for details).

Thereafter, 2D Voronoi diagrams were constructed for each image to evaluate local
variations in the droplet number density. A Voronoi tessellation spatially partitions the image
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into convex cells, each containing a single droplet and the associated surroundings closer to
that droplet than to any other droplet’>¢. In order to avoid border effects’’, only those
Voronoi cells that are fully located in the field of view are considered (Figure 5.6b). Since
temporal spatial data in the z-direction is lacking, the area of each Voronoi cell was multiplied
with a constant height equal to the thickness of the liquid layer given by the spacer height.
To determine the amount of water the solvent can take up around each emulsion droplet, a
volume fraction distribution was then constructed for each sample at ¢ = ¢, (Figure 5.6¢). The
distribution is not symmetrical but skewed to the right. The median (50" percentile) volume
fraction is slightly smaller for sample 1 (7> =40 °C, Vw,/ Viot = 0.043) than for sample 2 (7>
=50 °C, Vw,o/ Viet = 0.048). This difference is only related to the number of droplets in the
field of view and not to the heating temperature. Furthermore, the width of the distribution,
i.e., the spread in the local droplet number density (16%, respectively 64™ percentile), also
varies slightly between samples.
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Figure 5.6: (a) Water droplets produced via the microfluidics set-up, with ap=23.5 + 1.6 um. (b) Voronoi diagram,
indicating the diameters of the droplets in red. (¢) Corresponding volume fraction distribution. (d) Droplet shrinkage
as a function of temperature. Vi,o/ Ve = 0.043 with 0.857 < y < 1.233 (sample 1) and Vi / Vie = 0.048 with 0.794
<y <1.227 (sample 2). The temperature profile was increased from 7 = 22.8 °C to 7> =40 °C (sample 1) and 7} =
24 °C to 50 °C (sample 2) with a d7/d¢ of 1 °C-min~".

Figure 5.6d shows the droplet shrinkage as a function of temperature. The experimentally
observed shrinkage shown here is the average droplet shrinkage over approximately 40
droplets. Two observations become immediately clear from the plotted data: 1) the droplets
do not disappear completely, and 2) the average droplet shrinkage is higher for higher
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temperatures. The reason for 1) is that the system is closed and no water can evaporate from
the solvent. The observed shrinkage is therefore only caused by an increase in water uptake
of the solvent, which increases with increasing temperature®®. After a certain time, in this
case t=17.33 min for 7=40 °C and ¢ = 26 min for 7= 50 °C, the final temperature is reached,
and shrinkage stops because the solvent is saturated. Under different conditions, e.g., a d7/d¢
of 5 °C-min!, this time will change accordingly. The total average shrinkage as well as the
spread, however, remains the same regardless of the temperature ramp. Since the droplet
number density is not identical in both samples, the full effect of temperature cannot be
determined by only comparing the experimental data.

Therefore, a theoretical-mass transfer model was derived to describe droplet shrinkage that
takes into account the physical properties of the system, i.e., local variations in the droplet
number density (described by a so-called local evaporation coefficient y and visualized in
Figure 5.6d as the shaded areas around the solid lines), heating temperature and composition
of the solvent phase. The model will be briefly introduced below. For detailed information
with respect to the model derivation we refer to Appendix sections 5.2.1 — 5.2.4 and Figures
A5.2 - A54.

5.3.2 Modelling droplet shrinkage

For simplicity, we only consider spherically symmetric droplets. At the droplet boundary a
mass-conservation equation can be written, relating the change of volume of a droplet to the
mass flux leaving the droplet>-*2,

oC

0
a(pWVd) = 4na2@WﬁOMW 5 (52)

r=a

where pw is the density of the dispersed phase (water, subscript W), Vq is the droplet volume,
a is the droplet radius, Qw0 is the mass diffusion coefficient of the dispersed phase W in the
continuous phase (oil, subscript O), which can be estimated using the Tyn and Calus
method®>® (see Appendix 5.2.2 for details), My is the molar mass of the dispersed phase, C
is the external concentration of water in the continuous phase and r is the distance from the
droplet center.

The continuity equation for water in the continuous phase due to Fickian diffusion is given
by:
oC 1o [rz oC j

—_ =Y —_— _
ot W20 .2 o or

(5.3)

Equations (5.2) and (5.3) must be solved simultaneously for boundary conditions at the
interface C |r:a = C,and far away from the droplet C|r:oo =C, . Because the droplet radius

changes as a function of time, this is known as a moving boundary problem, which are not
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easily solved®!. A typical approach is to first solve equation (5.3) independently to steady-
state. The outcome can then be inserted in equation (5.2), resulting in a nonlinear differential
equation for da/0t, which has to be solved numerically (see Appendix section 5.2.1 for
details).

Assuming that the temperature is homogeneous throughout the system, i.e., the droplets plus
the continuous phase, the water concentration at the droplet interface is governed by the
temperature-corrected equilibrium solubility®?:

ALH(T 1
C =C, exp{—%[;—;ﬂ (54)
0

where C is the water solubility in the continuous phase at a reference temperature 7o, 77 is
the starting temperature, AmixH the enthalpy of mixing and R the universal gas constant.

In case the number of droplets is very small, the concentration of water far away from the
droplets C. does not change significantly with increasing temperature and can be assumed
equal to the water solubility of the solvent at the reference temperature Cy*2. However, in our
application case there are many droplets that all shrink simultaneously during heating of the
solvent. This means that the overall concentration of water in the solvent changes as a result
of the shrinkage of the droplets and can no longer be assumed equal to Cp but instead
increases as the water solubility of the solvent increases with temperature. The total water
concentration in the solvent can be written as a function of the starting concentration C; and
the concentration as a result of the solved droplets (see Appendix section 5.2.1 for details):

Vieo =V,
C, =C +2Pv | w0 T (5.5)

v I/tot - Vw,o [aaj
a,

where C is the concentration water at the starting temperature 71, y is a theoretically derived
evaporation coefficient, Vw o is the volume of the dispersed phase at 7 = 7 and Vi is the total
volume of the system. The rest of the symbols have their usual meaning. The evaporation
coefficient y used here describes local variations in the droplet number density. Theoretically
x can vary between 0.323 < y < 1.474 (see Appendix section 5.2.3 for details).

Equation (5.5) can be inserted in the steady-state solution of equation (5.3), resulting in a
new nonlinear differential equation for da/0¢, which again has to be solved numerically.
However, since in a typical experiment there are many droplets in close proximity of each
other, the inter droplet distance is typically smaller than the diffusion length (see also
Appendix section 5.2.4). Therefore, we can assume that at every point in time the
concentration of water is the same everywhere in the solvent and replace equation (5.3) with:

C=G=C, (5.6)
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In this case an analytical solution can be derived for the droplet shrinkage as a function of
the concentration water in the solvent (see Appendix section 5.2.1 for details):

V3
m[m_q(mq_q)_q 57
Vwo  \Pwo XPw
The water concentration at the droplet interface C; has been defined above. Similarly, the
starting concentration C; can be expressed as:

A H(1T 1
C, =C,exp —L[———ﬂ (5.8)
1 0 |: R TI T;)

Inserting equation (5.4) and (5.8) into equation (5.7) results in an expression for the droplet
shrinkage as a function of the water solubility and the temperature of the system:

Vs
V. 4 My, A Hf1 1 A H(1 1
— ot ot g/ _ Pmix I O _ Pmix - -1 59
a { (o] 2 || 251 } 59)
For Vwo/ Vit > 3 vol%, the analytical solution matches closely to the numerical solution
(Figure AS5.2).

For simplicity the droplet temperature is assumed to be equal to temperature of the
surrounding medium, which is controlled via the heating stage:

() = T +(Toe, t<(T,~T)/Tt
T, t>(T,-T)/Tt

29

(5.10)

where T is the starting temperature, 75 the end temperature and 7" = d7'/d¢ is the temperature
ramp.

To determine whether C; is indeed equal to C., a Delaunay triangulation was performed to
calculate the mean center distance between the droplets (Figure A5.4a)*°. Since the diffusion
length (121 pum) is larger than the inter droplet spacing (101 pm and 91 pm for sample 1 and
2, respectively), the concentration of dissolved water should be constant throughout the
continuous phase. To confirm, C, was plotted against C; for both samples (Figure AS.4b).
A small deviation between the two concentrations can be seen during heating of the sample,
but the final concentrations match well. The deviation is due to the mismatch in the actual
droplet temperature compared to the measured temperature of the heating couple. There is a
small time offset between the actual temperature of the medium compared to the temperature
recorded by the thermal couple of the heating stage. Furthermore, the heat flux at the interface
of the droplets and the surrounding solvent phase changes during heat-up of the sample due
to shrinkage of the droplets. The heat flux can be calculated by writing an enthalpy
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conservation equation at the droplet interface similar to the mass-conservation equation
described above®, however, this is beyond the scope of this work.

5.3.3 Tuning droplet shrinkage

With an analytical equation for droplet shrinkage at hand, the effect of droplet number density
on the droplet drying kinetics can now be investigated. To illustrate, the droplet shrinkage
was plotted for water droplets in PEA with a radius of ap = 23.5 um and a variable amount
of water Vw,/ Viet = 0 to 0.10 with y =1 from 71 = 22.8 °C to 7> = 40 °C with a d7/dz of 1
°C-min~!. (Figure 5.7a). At concentrations close to 0 vol% there is only one droplet that,
under these conditions, takes approximately 12 minutes to be completely taken up in the
surrounding solvent. When the initial water concentration exceeds 0.7 vol%, the droplets no
longer disappear completely because at this concentration the amount of water in the droplets
exceeds the maximum water uptake of the solvent’®. The higher the initial water
volume/weight fraction, the lower is the total droplet shrinkage. This is logical because the
shrinkage is averaged over more droplets. It should be noted, however, that at low volume
concentrations (FVw,o/ Viee < 3 vol%) the analytical solution of the model cannot be used
because the diffusion length is no longer larger than the inter droplet distance and therefore
the concentration of water is no longer equal everywhere in the solvent.
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Figure 5.7: (a) Droplet shrinkage as a function of different initial water concentrations Vi / Vet = 0 to 0.10 with y
= 1. (b) Droplet shrinkage as a function of different solvents for Vi/ Viee = 0.043 with 0.857 < y < 1.233. The
temperature profile was increased in both cases from 7} = 22.8 °C to 7> = 40 °C with a d7/d¢ of 1 °C-min~' and with
an initial droplet radius of ap = 23.5 um.

Droplet shrinkage can also be tuned by dispersing water droplets in different solvents, i.e.,
pure PEA, pure mesitylene (MST), 70/30 wt% PEA/MST and 50/50 wt% PEA/MST (Figure
5.7b). For each solvent, a fixed initial water concentration of Vw,o/ Viet = 0.043 was used and
x was varied between 0.857 < y < 1.233. The values chosen for the physical properties are
listed in Table 5.2 (see Materials and methods). The droplet shrinkage is clearly the largest
for water droplets dispersed in PEA, whereas there is almost no shrinkage for droplets
dispersed in MST. MST is a non-polar solvent that has almost no affinity to water. Therefore,
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the water concentration in MST hardly increases with increasing temperature®. Mixtures of
PEA/MST also show a reduced droplet shrinkage versus PEA. The droplet shrinkage is
significantly reduced for mixtures with up to 50% MST, which is in agreement with prior
experimental observations on the assembly of MSMs (see also Chapter 3)2.

These results show that the shrinkage behavior of emulsion droplets at elevated temperatures
can be accurately predicted with above model for the “closed” configuration.

5.3.4 MSM formation

Until now the general principles of droplet shrinkage without silica nanoparticles using the
“closed” set-up are described. In the next sections droplet shrinkage with silica nanoparticles
and their subsequent transition into MSMs using the “open” configuration is investigated. In
the open system the shrinkage rate is no longer limited by the rate of saturation of the solvent.
Instead, water can freely evaporate from the solvent and the shrinkage rate is controlled by
applying a reduced pressure, as is typically done in industry?2.

Figure 5.8a shows the time-resolved transition of a water droplet with an initial radius of ao
=20.8 um containing 5 wt% silica nanoparticles of 8 nm in diameter, dispersed in PEA, into
a MSM. The temperature was varied from 7 =23 °C to 7> = 80 °C with a d7/d¢ of 1 °C-min~!
and the pressure was reduced and kept constant at an absolute pressure of P = 200 mbar
throughout the experiment. Images were taken every 30 seconds for a total of 70 minutes.
The MSM formation process can be split into three stages: a standard droplet shrinkage stage
(stage 1), a fast shrinkage / transition stage (stage 1I) and a post-shrinkage stage (stage III)
(Figure 5.8b).
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Figure 5.8: (a) Optical microscopy images of the transformation of a droplet filled with nanoparticles into a MSM.
The six images represent the three stages of MSM formation described in the main text. Scale bar: 20 um. (b) Graph
showing droplet shrinkage versus time. The profile shows a gradual shrinkage stage (I) a rapid shrinkage / transition
stage (II) and a post-shrinkage stages (III). The temperature profile was increased from 7; = 23 °C to 7> = 80 °C
with a d7/d¢ of 1 °C-min~! with a reduced pressure of P =200 mbar and an initial droplet radius of o= 20.4 um.
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In the first stage the droplets gradually shrink due to heating of the medium (image 1 and 2
in Figure 5.8a). The shrinkage rate is comparable to the shrinkage rate of pure water droplets
described above. We hypothesize that during this stage particles are build up at the receding
interface and form a loose gel network®!. At the beginning of stage II the droplet radius
decreases rapidly before any further shrinkage is completely hindered (image 3 and 4 in
Figure 5.8a). This accelerated shrinkage has not been observed previously in case of pure
water droplets and could indicate that the mechanically weak gel network is suddenly
compressed, possibly due to a phase transition of the water inside the particle from liquid to
gas. In addition to the rapid decrease in droplet diameter, the surface of the droplets
transforms from “shiny” to “dull” (image 5 and 6 in Figure 5.8a). During stage III the particle
no longer shrinks, indicating that a mechanical stable network has formed.

The shrinkage rate can be controlled by applying different reduced pressures.
Experimentally, it was observed that the droplet shrinkage rate is higher under reduced
pressure than under atmospheric pressure (Figure A5.5). This can be seen as a shift to the
right of the curve in stage I and II. Furthermore, the total amount of shrinkage can be tuned
by changing the silica volume fraction inside the droplets. Droplets with a higher initial
volume fraction shrink less than droplets with a lower initial volume fraction. This can be
seen as a change in the height of the plateau in stage III.

To investigate the transformation from liquid droplets into solid MSMs in more detail and,
in particular the transition stage II, radially averaged intensity profiles were measured over
time. The radial intensity profiles were made by laying a series of concentric rings (radial
bins) on top of a droplet. The mean intensity value of each bin is then collected in an array,
which is displayed in a line plot wherein the radius is plotted versus the intensity for each
time step (see Appendix section 5.3.2 and Figure A5.6 for details). The intensity profile
summarizes the observed contrast changes that show both shrinkage of the emulsion droplet
and the transformation into an MSM (Figure 5.9a). The three stages described earlier can
easily be identified. A dip can be seen in the intensity of the particle core in stage II. This
possibly indicates that the core is somewhat denser packed (lower porosity) than the surface
of the particle due to rapid compression of the gel network, potentially explaining the local
variations in porosity that were observed previously in the evaporation-driven assembly of
MSMs, Although this is difficult to judge based solely on 2D images as the core is also
thicker than the rest of the particle. Radially averaged intensity profiles were also measured
under identical conditions but at P = 400 mbar (Figure AS.7). At higher absolute pressure
the duration of stage I is noticeably longer, indicating a slower overall evaporation rate
compared to the P = 200 mbar case.

In addition to the radial intensity profiles an optical model was constructed, relating changes
in the refraction and reflection of the light rays penetrating the sample to the composition of
the particle interior (see Appendix section 5.3.3 and Figures AS5.8-A5.9 for details). Because
there is a mismatch between the refractive index of the droplet / particle and the surrounding
medium, some light rays that hit the edge of the droplet / particle are not collected by the
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objective lens of the microscope. The region were no light is collected is seen as a black outer
rim®, The evolution of the outer rim thickness over time gives an indication of the changes
happening in the droplet / particle interior

The evolution of the rim thickness is plotted over time in Figure 5.9b. At the start of MSM
formation the mismatch in refractive index between the droplet and medium is the highest,
hence, the thickness of the black outer rim is the largest (see also image 1 in Figure 5.8a).
During stage I the rim thickness gradually decreases. This can be understood as the volume
fraction of silica in the droplet gradually increases, reducing the mismatch in refractive index
between the droplet and the medium®93, In stage II the outer rim thickness rapidly decreases,
which could be attributed to a sudden increase in the silica volume fraction due to the collapse
of the gel network (see also image 3 in Figure 5.8a). At approximately 7= 32 minutes the rim
thickness remains constant for a few minutes (see also image 4 in Figure 5.8a). We speculate
that at this point in time the water-filled interior of the particle is gradually exchanged for
PEA. The refractive index value thereby approaches the refractive index value of the
medium, which means that more light can be transmitted, ultimately resulting in a very thin
outer rim (image 5 and 6 in Figure 5.8a).
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Figure 5.9: (a) Graph showing the radially averaged intensity profile versus time of the formation of a MSM. The
profile shows the two shrinkage (I + II) and post-shrinkage (III) stages. The temperature profile was increased from
T, =23°C to T» = 80 °C with a d7/df of 1 °C-min~' with a reduced pressure of P =200 mbar and an initial droplet
radius of ap = 20.4 pm. (b) Thickness of the dark outer rim determined experimentally as well as theoretically based
on the way light rays are refracted and reflected by the particle.

These results provide some insight in the time-resolved formation of MSMs. The radial
intensity profile maps and evolution of the rim thickness indicate when the MSMs are fully
formed and what the effect is of various reaction conditions on the shrinkage and gelation
rates. These results can be used to optimize the experimental procedure for MSM formation.
Furthermore, a recent paper by Amstad et al.®® demonstrated a microfluidic device capable
of producing hundreds of liters of monodisperse droplets per hour. By integrating such device
with the principles of controlled shrinkage shown here, it becomes possible to produce
monodisperse MSMs on industrial relevant volumes.
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5.4 Conclusions

In summary, we present a microfluidic processing route towards the synthesis of
monodisperse MSMs with tunable porosity characteristics. The effect of various parameters
on the kinetics of colloidal assembly in confined spaces were studied using in situ optical
microscopy. In contrast with previous time-resolved studies on MSM formation, specific
spatially resolved information was obtained between the emulsion droplets and the
surrounding solvent. In addition, a theoretical mass-transfer model was introduced to
describe droplet shrinkage based on the droplet number density and solvent characteristics.
The model was compared to experimental imaging results which were quantified by image
analysis with respect to droplet shrinkage and showed an excellent match. Furthermore, radial
intensity profile maps were obtained to quantify the transformation of emulsion droplets into
MSMs and to show the effect of different reaction conditions on the shrinkage and gelation
rate. The results shown here are the first step towards full control and prediction over the size
and porosity characteristics of MSMs, based on the initial emulsion droplet size and reaction
conditions.

5.5 Materials and methods
Materials

Phenethyl alcohol (PEA, 99%) and mesitylene (MST, 97%) as the continuous phase and
hydroxypropyl cellulose (HPC, average M 100.000 g-mol™) as a stabilizer and emulsifier
were purchased from Acros Organics. The dispersed phase was a colloidal silica sol provided
by Nouryon Pulp and Performance Chemicals AB, Sweden. It consists of colloidal silica
nanoparticles of 8.2 + 2.5 nm in water with a solid concentration of 14 wt%. The particle size
was determined by cryoTEM (see Chapter 2 for details on the characterization procedure).
All chemicals were filtered through a 0.22 pm filter prior to use.

Solvent characteristics

Interfacial tension was measured at 20 °C for the different solvent mixtures using the
Wilhelmy-plate method on a Kriiss K11 MK4 tensiometer. The platinum plate (19.9 x 10 x
0.2 mm) was cleaned and flame-dried before each measurement.

Viscosity measurements were performed at 20 °C on an Anton Paar Physica MCR 301
Rheometer with the concentric cylinder CC27 system (inner and outer diameter are 26.66
mm and 28.92 mm, respectively). Measurements were performed using different shear rates
between 0.1 and 100 s7'.

121



Chapter 5

Transmission measurements were performed over a temperature range of 20 °C to 75 °C for
different solvent mixtures in a fused silica cuvette on an Anton Paar Litesizer 500 with a 40
mW solid-state laser of 658 nm.

Microfluidic set-up

The microfluidic set-up used in this work was purchased from Micronit Microtechnologies
(Enschede, Netherlands) and Fluigent (Jena, Germany). The microchips are made of
borosilicate glass and are coated with a fluorinated polymer hydrophobic coating to form
W/O emulsion droplets. Four chips with different geometrical dimensions were used, see
Table 5.1. The continuous and dispersed phase were supplied to the microchips via flexible
plastic tubing, which was regulated by two microfluidic pressure control modules (Fluigent
Flow EZ, 7 bar). The modules were used to pressurize two plastic Falcon tubes containing
the liquids such that the fluids began to flow into the microchip. Flow sensors were added to
accurately control the flow rate in the system up to 1000 pl-min~".

Optical microscopy images (1360 x 2048 pixels) of droplet formation were recorded with a
Nikon D90 attached to a Zeiss Axiolab optical microscope. The shutter speed was set at
1/4000 and the f-number was fixed at 5.6.

The entire set-up was placed in a laminar flow cabinet (CaptAir Filterair 936) to prevent
contamination.

Table 5.1: Dimensions of the four microchips used in this work.

Chip A | Chip B | Chip C | Chip D
Dimensions (mm) | 45 x 15 | 15x 15| 45%x 15| 15x 15
We =wq = AZ (um) 130 91 23 14
Woutlet (K1) 425 433 367 358
he = ha= houtler (Lm) 125 83 17 8
Wor (UM) 105 72 14 7.2
hor (LM) 75 50 10 5

Droplet kinetics

In situ optical microscopy of droplet shrinkage and gelation was performed with a Zeiss
Axioplan 2 optical microscope outfitted with a Zeiss Axiocam and a Linkam THMS600
temperature stage. The temperature was controlled via a Linkam TMS94 controller.

Most image processing steps were done in MATLAB R2019a using in-house developed
code. Additional information can be found in Appendix section 5.1.
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Theoretical mass-transfer model

The differential equations were solved numerically using Mathematica 12.1 (Wolfram).
Values for the physical parameters used in the model are listed in Table 5.2.

Table 5.2: Physical parameters used in the theoretical model.

70/30 wi% | 50/50 wi% .

PEA MST | ppa/MST | PEA/MST | U

Dwso | 1.22x10°° | 221x10° | 4.10x10° | 7.66x10° | cms !
M, 122 120 121 121 | gmol”
GCo 457 0.016 1.99 114 | molL'
AicH | 4300 22000 6600 3400 | J'mol”!
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Appendices
Appendix 5.1 Droplet tracking

The center coordinates and radii of the shrinking droplets were measured using a Hough
transform algorithm that detects circles in MATLAB'. A sensitivity factor of 0.80 and an
edge threshold of 0.05 were used to detect most of the droplets without introducing false
positives (Figure AS5.1a). Because the droplets move around during heating, tracking of the
position of individual droplets throughout the time series is needed (Figure A5.1b). Tracking
was done by comparing the x,y position of the center of each droplet in each image to the
position and radii of the droplets in the previous image. A droplet is tracked if the x,y offset
between images is smaller than the radius of the droplet which applies to slow moving
objects. By tracking the coordinates and radii throughout the time series data analysis
becomes possible (Figure AS.1c). After correlation a moving mean with a window size of
10 was applied to repress noise (Figure AS5.1d).
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Figure AS5.1: (a) Water droplets produced via the microfluidics set-up, with ap = 23.5 + 1.6 um. The droplets are
detected via a Hough transform algorithm. (b) Droplet radii throughout the time series before tracking. (¢) Droplet
radii throughout the time series after tracking. (d) Correlated droplet radii smoothened by a moving mean with a
window size of 10.

Appendix 5.2 Theoretical mass-transfer model
5.2.1 Model derivation
Single droplet shrinkage

At the droplet boundary a mass-conservation equation can be written relating the change of
volume of a droplet to the mass flux leaving the droplet®.

0 oC
= (PwVa) = 4na* Dy o My, — (AS.1)

r=a

where pw is the density of the dispersed phase (water, subscript W), Vq is the droplet volume,
a is the droplet radius, Dw-o is the mass diffusion coefficient of the dispersed phase W in the
continuous phase (oil, subscript O), which can be estimated using the Tyn and Calus
method*’ (see Appendix 5.2.2 for details), My is the molar mass of the dispersed phase, C is
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the external concentration of water in the continuous phase and r is the distance from the
droplet center.

Assuming spherical droplets, V, =dna’ /3 , the change in droplet volume can then be

described as a decrease of the droplet radius in time:

da _ Dy oMy 0C|

A52
ot Py Or ( )

r=a

The continuity equation for water in the continuous phase due to Fickian diffusion is given
by:

oC 1 a[ ) ac]
ro— (A5.3)

o e ar
Equations (A5.2) and (AS5.3) must be solved simultaneously for boundary conditions at the
interface C |r:a = C.and far away from the droplet C |r:00 =C, . The steady-state solution of
equation (AS5.3) is:

C=C,+— (C C,) (A5.4)

where C, is the water concentration far away from the droplet and C; is the water
concentration at the droplet interface. Taking the derivative and using » = a yields:

oC a 1
Z-_2(c-c)=——(C-C A5.5
L Le-e)--ta-c) (455)
Inserting equation (AS5.5) in equation (AS5.2) results in:

Dy oMy,
da_ —Se(C - C) (A5.6)
a Pwa

In case of a single dissolving droplet, C. is equal to the water solubility Co. The final equation
can thus be written as:
0 DyoMy
% _ &(q -G,) (A5.7)
ot Pwa
Multiple droplet shrinkage

In case there are many droplets that all shrink simultaneously, the concentration of water far
away from the droplets C., changes as a result of the shrinkage of the droplets and is no longer
equal to Co.
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The system consists of a dispersed phase (water, subscript W) and a continuous phase (oil,
subscript O). We assume W can dissolve in O yielding an ideal solution, but O cannot
dissolve in W:

V.

tot

=V Vo =(Vaw +Vow )+ (Voo * Vo) = Vaw Voo + Vo (A5.8)

where Vi is the total volume of the system, Vww is the amount of water in the dispersed
phase, Vow is the amount of oil dissolved in the dispersed phase, which is negligible, Voo is
the amount of oil in the continuous phase and Vwo is the amount of water dissolved in the
continuous phase, given as:

Vo =Viwoo * NWyo =Vi) =Vioo + N4%(ag - a3) (A5.9)

where Vwo o is the initial amount of water dissolved in the continuous phase, V40is the volume
of a single droplet at ¢ = t, V4, is the volume of a single droplet at ¢ = tenq and N the number
of droplets. Here we assume that all droplets are spherically symmetrical and that the number

VW,O

of droplets is a function of Vw at ¢ = f, i.e.,, N = 1 7% T Thus equation (A5.9) can be
3%

rearranged to:

3

a

Vo =Vaoo + Vo (1 —?] (A5.10)
0

The total volume of the continuous phase is not constant but increases with an amount equal
to the volume of solved droplets over time. The volume fraction of water in the solvent is
thus:

@ j
Voo TVwol 1=
"o " ( ag VWO,O + Vw,o -7,

v=7 VWC;/ =VVW°V = ~< =1+ == (A5.1D)
+ —
° e “ v Vtol - VW,O [as j Vtol - VW,O [a3 j
y ay

The droplet number density is, however, not constant throughout the sample and thus the
local volume fraction differs from the total volume fraction. The spread in droplet number
density can be expressed via a so-called evaporation coefficient y:

X = Poca | P (A5.12)

Theoretically y can vary between 0.323 < y < 1.474 (see Appendix section 5.2.3 for details).

The total water concentration in the solvent can then be written as a function of the volume
fraction as a result of the dissolved droplets:
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Voo +Vavo ~V,
C, =Cyo =z 200 = ZPw |y | Tw00 T w0 (AS5.13)

* M, M 3
v v I/lol _VWO(CZJ
“\a

0

The quantity Vwo,o is given as a function of the starting concentration Ci:
M, a
Voo =——| Vi =Vwo| =5 | |G (A5.14)
XPw dy
Inserting equation (A5.14) in equation (AS5.13) yields:

Vipo =V,
C =C+MPv|1y w0 (AS.15)

0 M a3
" I/tot - Vw,o [3}
ay

Equation (A5.15) can then be inserted into equation(AS5.6), resulting in:

g Vo =V,
d“:_—@WQOMW(ci—qﬁMW*O I+ — (A5.16)

dr Pwd a a’
v Vtot - Vw,o £a3

0

However, in a typical experiment the diffusion length is larger than the inter droplet spacing
(see also Appendix section 5.2.4). Therefore, we can assume that at every point in time the
concentration water is equal everywhere in the solvent:

C=C=¢C, (A5.17)

In this case an analytical solution can be derived for the droplet shrinkage as a function of
the concentration water in the solvent:

1/3

1—?’-0 +[MW (Ci—Cl)—l] v " -7
a:ao tot pr :ao lm+[m_1]{w(ci—cl)—l} (A5.18)

VWi’[MW(Ci _Cl)_IJ XPw
Vtot

XPw

Assuming that the temperature is homogeneous throughout the system, i.e., the droplets plus
the continuous phase, the water concentration at the droplet interface is governed by the
temperature-corrected equilibrium solubility?:

130



Towards Monodisperse Microspheres using Microfluidic Processing

A H(1 1
C =C,exp| ——m| ——— (A5.19)
R \T T,

Similarly, the starting concentration C; can be expressed as:

A H(1T 1
C =C, exp —L[———j (A5.20)
1 0 7—; T;)

In these equations Cj is the water solubility in the continuous phase at a reference temperature
To, T1 is the starting temperature, Amix/d the enthalpy of mixing and R the universal gas
constant.

Finally, inserting equation (A5.19) and (A5.20) into equation (A5.18) results in an expression
for the droplet shrinkage as a function of the water solubility and the temperature of the
system:

V3
ama| Yoo Yo 1) Ma [ e AH[IIJ e AmH[llj » (A521)
Vw,o VW,O pr R T 72) R TI 7;)

For Vw,o/ Vit > 3 vol%, the analytical solution matches closely to the numerical solution
(Figure A5.2). The numerical solution also suffers from the mismatch in the actual droplet
temperature compared to the measured temperature of the heating couple, as discussed

previously.
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Figure A5.2: Comparison of the analytical solution of the mass-transfer model to the numerical solution. Vw,/ Vit
=0.043 and y = 1. The temperature profile was increased from 7} = 22.8 °C to 7, = 40 °C with d7/d¢ = 1 °C-min".
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5.2.2 Diffusion equation
The diffusion coefficient can be estimated from the Tyn and Calus method*:

17 1/6 g’ 0.6 T
Dyo =8.93x107 [—Oj — (A5.22)
V:nO '?W 770

2=V " (A5.23)

where Vm’w (37.4 cm*mol™") and 17,,1’0 (150.46 cm*mol™") are the molar volume of the solute

and solvent at the normal boiling point, 2w (105.2 cm®g'#/(s">mol)) and £, (300.9 cm3-g'"*
/(s">'mol)) are parachors for the solute and solvent, 770 (13.84 cP) the viscosity of the solvent
and o (39.4 mN-m!) the surface tension at the temperature 7.

5.2.3 Evaporation coefficient y

To estimate the probabilities of more common values of y we can randomly place spheres
(droplets) in a volume Vi and determine the probability that one of the spheres occupies the
volume around a specific sphere.

First, the probability is calculated in case y < 1, indicating none of the other droplets can
occupy the space around a droplet. To illustrate, a droplet is placed somewhere in the volume

Vo
4% a

volume that is unavailable for the next droplet is Vw,o /' N . The probability that a droplet i is

Vwot. The space occupied by this droplet is on average Vie/ N with N = . Thus, the

not placed at random in the space around the first droplet (excluding the volume unavailable
due to overlapping droplets) is:

é: W 0 i— Vtot Yw
tol V-V
]P)l- — N N :1_ tot W,0 (A524)
v _é: VW,O i tm ngol
tot N

where ¢ is the volume excluding the droplets, which, assuming a maximum random packing
fraction of 64%, &£ = 100/64 = 1.56. The other symbols have their usual meaning.

The probability that none of the droplets is placed in this space is:

Vit = NiotVioe T Vo (14
(-t ol o8]

v

o Yo (A5.25)
NrotVtot

((—1+N(O()VM_Vw,o(_1+§))(1_ 44 JN

w.0

N V. -V
P, :IPZSI :H[l_ tot W.0 J_

lol é:VW Ol
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Similarly, the probability can be calculated in case y < yrer.

Vii = XN Vi T Vo (—1+&
l(Ntot tot éVwo)[ - - :,K;:V W’O( )J
Ww,0

Niot

A= Xt

NV,
(14 2N WV = 2V (14 6) ) 1=
4 Vw,o N
(A5.26)
The maximum value of ymax cannot exceed Vio/Vw,o since the amount of water cannot be
higher than the total volume. Therefore, yrr ranges from 0 to Vie/ V0. Now the probability

distribution can be plotted and the probability for every y can be estimated by taking the
derivate of the distribution (Figure A5.3)

The integral of all probabilities should be 1. The y-values for the first 16" and 84" percentile
are therefore:

Ve 1 Hmax 1
6= |—Pd,/ j ~P d, =0323
0

X X (A5.27)
V4 1 Xmax 1
X =[P4,/ j —P d, =1.474
o X X (A5.28)
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< 40
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Figure A5.3 (a) Probability distribution for y < yr. (b) Probability density function for .
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5.2.4 Inter droplet distance
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Figure AS5.4: (a) Delaunay triangulation to determine the mean center distance between the droplets. (b)
Concentration profile of water in the continuous phase at the droplet interface Cjand far away from the droplets C..

Appendix 5.3 Time-resolved MSM formation
5.3.1 Effect of pressure

1.0 47 90
Model, P= 1 atm
O Experimental, P =400 mbar_ _ _| 80
Experimental, P =200 mbar|
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fo2) ~
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Figure AS5.5: Effect of reduced pressure on the droplet shrinkage rate. The temperature profile was increased from
Ty =24 °C to T» = 80 °C with a d7/d¢ of 1 °C-min~! and an initial droplet radius of @y = 23 um. The experimental
data consist of droplets containing 5 wt% 8 nm in diameter silica nanoparticles, which form a MSM after
approximately 35 minutes for P =200 mbar and 40 minutes for P =400 mbar, respectively. The droplet consists of
pure water without nanoparticles.

5.3.2 Radial averaging

Radial averaging is an analysis technique to investigate the relation between the distance and
intensity in an image. The radial average is made by laying a raster of concentric rings (radial
bins) on top of a chosen center. The mean intensity value of each bin is then collected in an
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array, which is displayed in a line plot wherein the radius is plotted versus the intensity for
each time step. A schematic illustration of the process is shown in Figure AS.6.

intensity image collected values plot
== ey ) -
/4{ 4| 4| 46 . ®
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Figure AS5.6 Schematic illustration of the radial averaging process.
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Figure A5.7: Graph showing the radially averaged intensity profile versus time of the formation of a MSM. The
temperature profile was increased from 7} = 24 °C to T, = 80 °C with a d7/d¢ of 1 °C-min™" with a reduced pressure
of P =400 mbar and an initial droplet radius of ¢y =21.8 pm.

5.3.3 Geometrical optics

In optical microscopy the interaction of a sample with an incoming light beam determines
how light is passed through a sample and which outgoing light rays are captured by the
objective lens®. The optical system has a numerical aperture, which determines over which
range light rays can be captured by the lens:

NA =nsina (A5.29)
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where NA is the numerical aperture, n the refractive index of the medium in which the lens
is working and a the maximal half-angle of the cone of light that can enter the lens. Here,
NA = 0.4 and 7 is 1 (air), resulting in a half-angle of o = 23.5°.

Once a light ray enters a sample, it can interact in multiple ways with the object (Figure
AS5.8a). Light rays that fall parallel to the normal line, i.e., the line orthogonal to the surface
of the interface, do not experience any interaction with the sample and are fully transmitted
(ray 1 in Figure A5.8a). When the incident angle between the light ray and the normal line is
larger than zero, the light ray is both refracted and reflected (ray 2 and 3 in Figure A5.8a).
Refraction is the change in direction when a light ray passes from one medium to another and
can be calculated via Snell’s law®:

n _sin(6,)

n, sin(6) (A5.30)

where 6; is the angle relative to the normal line in a medium i. Only those light rays with an
output angle below the half-angle of the objective are collected.

Reflection is the change in direction at the interface back into the same medium. Reflection
for perpendicular incidence can be calculated via®:

_ (n, _n1)2

=y (A5.31)

If light rays travel from an optical dense medium to an optical less dense medium, there is an
incident angle above which total internal reflection occurs. This is called the critical angle
(ray 4 in Figure A5.8a):

6. =sin” [”—2J (A5.32)

Above the critical angle, no light rays are collected by the objective lens (ray 5 and 6 in
Figure A5.8a).

The process is also visualized in Figure A5.8b. Refracted light rays with an output angle
above the half-angle of the objective are not collected and neither are the light rays with an
output angle above the critical angle. The region in between the refracted rays with an output
angle higher than the half-angle and above the critical angle is seen as the outer black rim of
the droplet / particle.
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Figure AS.8: (a) Schematic illustration of the different interactions of light rays with a sample in an optical
microscope. (b) Reconstruction of the interaction of the light rays. Refracted light rays with an output angle below
the half-angle of the objective are collected. Totally reflected light rays are not collected by the lens. The region in
between the refracted rays with an output angle higher than the half-angle and above the critical angle is seen as the
outer black rim of the droplet, which changes during MSM formation.

During droplet shrinkage the volume fraction of silica increases and the refractive index
changes. The refractive index of a mixture, such as a silica particle filled with water, can be
estimated from so-called mixing-rules. The simplest of these rules is the Arago-Biot
equation’:

nmix = @11’11 +¢2}’l2 (A533)

where nmix is the refractive index of the mixture and ¢; and #n; the volume fraction and
refractive index of component 7, respectively. In our case, nwater = 1.33, sitica = 1.46 and npga
=1.53.

Following the Arago-Biot equation the refractive index of a water-filled particle becomes
higher with an increasing volume fraction of silica (Figure AS5.9a). This means a smaller
mismatch in refractive index with the surrounding medium. Similarly, the critical angle above
which total internal reflection occurs also increases with increasing silica volume fraction
(Figure A5.9b). Hence, more refracted light rays can be captured by the objective lens during
droplet shrinkage, which can be observed as a decrease in the thickness of the outer rim.

137



Chapter 5

Refractrive Index (-)

1.60 b 100
1.56 4 —=—Si0, + H,0 =8I0, +H,0 wm_
—=— Si0, + PEA 80 —=—Si0,+PEA \-\_‘_.‘.\.
i I~
162 "Ema -
-\--_‘_\_. — . --.,_/-/I”"
148 e PR N
a =]
f=4
©
1.44 4 — 5
/l/' S 404
1.404 /./'
"
I/.
1.36 1 T 20 -|
/I/./.
1.324
T T T T T T T T 0 -—a—y - T T T T T
00 01 02 03 04 05 06 07 08 089 00 01 02 03 04 05 06 07 08 09
Volume fraction Si (%) Volume fraction Si (%)

Figure A5.9: (a) Refractive index as a function of silica fraction for a water- and PEA-filled particle, respectively.
(b) Critical angle as a function of silica fraction for a water- and PEA-filled particle, respectively.
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Chapter 6

Towards the Fabrication of Microspheres with
Hierarchical Morphologies

Abstract

Silica-based porous materials with well-defined porosity characteristics such as mesoporous
silica microspheres (MSMs) play an important role in separation applications. Here, we
report for the first time, the colloidal assembly of MSMs using fractal silica sols as building
blocks, and we demonstrate their unique porosity characteristics using bulk characterization
techniques such as nitrogen gas physisorption. Additionally, we describe experimental
strategies for the synthesis of multilayered MSMs and hollow MSMs that have interesting
potential separation applications that cannot be fulfilled using conventional MSMs. The
results described here, although exploratory, highlight how the general principles of MSM
synthesis can be extended to facilitate the manufacture of MSMs with hierarchical
morphologies.
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6.1 General Introduction

Porous materials with well-defined porosity characteristics are of great scientific, societal
and industrial relevance for applications in insulation!, catalysts?, fuel cells® and separation®.
One prominent example is mesoporous silica microspheres (MSMs), which are frequently
used in high performance liquid chromatography (HPLC) for the separation and purification
of molecules®”’. In this thesis the general principles for the synthesis of tailor-made isotropic
MSMs from spherical building blocks have been discussed. This methodology can be further
extended to fabricate MSMs with an additional order of complexity such as, e.g., MSMs
assembled from non-spherical building blocks, multilayered microspheres or hollow
microspheres (HMs).

To date, the majority of hierarchically ordered, porous materials are build-up from spherical
building blocks, such as polymer latex beads or silica nanoparticles. Nonetheless, a large
variety of non-spherical building blocks can also be used to fabricate materials that are
ordered across multiple length scales, such as rods, polyhedral, patterned or branched
particles®'2. However, the difficulty in synthesis of most of these exotic particles limits their
widespread use in industrial applications. In the case of silica nanoparticles two types are
manufactured industrially: spherical and anisotropic particles'®. Due to their similar chemical
nature both can readily be used as building blocks to synthesize MSMs with intentionally
isotropic pore characteristics.

To achieve anisotropic pore characteristics in MSMs, multilayered microspheres have long
been a topic of interest due to their unique properties for separation applications'+°.
Microspheres with a solid core and porous shell, commonly known as core-shell
microspheres (CSMs), are of particular interest in modern HPLC because the solid core
provides higher mechanical stability while the porous shell allows for faster mass transfer
kinetics due to shorter diffusion paths than conventional, fully porous MSMs'>!8, CSMs with
a porous core and a porous shell with different pore sizes, i.e., a pore gradient from the center
to the exterior of the particles, can theoretically be used to separate molecules based on their
size, similar to size exclusion chromatography?’. Likewise, microspheres without a core, i.e.,
hollow microspheres or colloidosomes, have received a lot of interest due to their interesting
potential applications for the loading and controlled release of (bio)macromolecules?' 24, A
schematic illustration of different MSMs is shown in Scheme 6.1.

Scheme 6.1: Schematic illustration of different MSMs. (a) homogeneously porous MSM. (b) CSM with solid core
and porous shell. (¢) CSM with porous core and porous shell. (d) Hollow microsphere.
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In this chapter, we extend on the general principles laid out throughout this thesis towards
the synthesis of MSMs with complex morphologies. First, the effects of fractal silica sols as
building blocks on the porosity characteristics of MSMs are investigated and compared to
the results to conventional MSMs using standard bulk characterization techniques such as
nitrogen physisorption and scanning electron microscopy (SEM). Subsequently,
experimental strategies to fabricate both: CSMs and HMs are presented.

6.2 Fractal silica sols

6.2.1 Structural characterization of anisotropic sols

Nearly 30 years ago Yoshida already predicted that anisotropic silica sols would become
important in future silica sol manufacturing processes to meet the rapidly changing needs of
various fields of application'3. Anisotropic silica sols have some unique properties compared
to spherical silica sols. Due to their shape and relatively large specific surface area (SSA),
they are especially useful as, e.g., binders in coatings?, catalyst support®® or viscosifying
agents?® but they can also be used for the fabrication of isotropic MSMs with unique porosity
characteristics.

Anisotropic silica sols can be oriented in one-dimension (1D), i.e., rod-like sol particles and
in three-dimensions (3D), i.e., branched- or fractal sol particles. Synthesizing anisotropic sols
is difficult because there is no preferential orientation during nucleation or growth of a
standard silica sol?®. Directionality can be introduced by, e.g., the addition of salts during
particle growth or by using a polymer as template. By adding Ca?" ions to an active silicic
acid sol, the growth can be directed in one direction to form 1D rod-like particles®-’.
Alternatively, by adding a polymer such as polyethylene oxide to a solution of silica
nanoparticles and subsequently consolidating the aggregates, 3D branched particles can be
formed?®. Depending on the concentration of SiO; and the viscosity of the sol, the degree of
fractal aggregation (~1/S) can be estimated?®?’:

s—— ¥ ©.1)

1—{(1—@”}’20}
Psol

where Y is the mass fraction of SiO; in the sol, p is the density and ¢ is the volume fraction
of the dispersed phase, which can be estimated from the relative viscosity?$2:

2.5¢
Ing, =——— 6.2
T 1-1.43¢p 62)

The lower the ‘S-value’, the higher the degree of fractal aggregation. Heavily branched sols
generally have a higher viscosity and thus a lower S-value.
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An alternative way to characterize fractal sols is by the mean cluster size or radius of
gyration3%3!:

R, JZNZ 23| (63)

where N is the number of primary particles in the cluster and |r; — rj| is the distance between
primary particles i and j belonging to the same overall cluster.

An example of two fractal sols, named F1 and F2 in short, is shown in Figure 6.1. The image
on the left displays sol F1 with viscosity of 16 mPa-s and an S-value of 35%. The image on
the right displays sol F2 with a viscosity of 41 mPa-s and an S-value of 26%. Sol F2 clearly
has a higher degree of fractal aggregation.

Figure 6.1: CryoTEM micrographs of dilute fractal nanoparticles (1 wt%). (a) silica sol F1 with a viscosity of 16
mPa-s and an S-value of 35%. (b) silica sol F2 with a viscosity of 41 mPa-s and an S-value of 26%.

6.2.2 Fractal sols as building blocks

Just like spherical nanoparticles, fractal nanoparticles can be used as building blocks to
synthesize MSMs, following the same experimental protocol as described in detail in Chapter
332, In brief, a water-in-oil (W/O) emulsion was prepared by adding fractal sol F2 to an
external oil phase consisting of a mixture of phenethyl alcohol (PEA) and mesitylene (MST)
with hydroxypropyl cellulose (HPC) as emulsifier under rapid stirring. After emulsification,
gelation was induced by the addition of 100 pl of a 5 M ammonium acetate stock solution
and by increasing the reaction temperature to 75 °C. After gelation the MSMs were removed
from the oil phase via filtration and were subsequently dried and calcined to remove any
organic residue. SEM images of a representative example are shown in Figure 6.2. The
MSMs are perfectly spherical and have an external morphology that is very similar to MSMs
made from spherical silica building blocks. Occasionally some individual MSMs form large
aggregated structures, presumably due to the high reactivity of the fractal building blocks.
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Figure 6.2: (a) Example of MSMs synthesized from fractal sol F2 after calcination. (a) Zoomed-in SEM image of
a single MSM. (b) Zoomed-in SEM image of the surface of the MSM.

To evaluate the porosity characteristics, N> gas adsorption was performed and the results
were compared to MSMs made from spherical 8 nm sized nanoparticles, as these are closest
in size to the primary particles of the fractal sol (Figure 6.3). Both MSM species displayed
IUPAC type IVa isotherms, which is characteristic for adsorption behavior inside
mesoporous adsorbents’3. The MSMs constructed from fractal sol particles can adsorb a
significantly higher quantity of N, gas (1207 cm?-g™!) compared to MSMs constructed from
spherical sol particles (594 cm3-g™!), indicating a significantly higher porosity (¢ = 0.81
compared to ¢ = 0.67). Furthermore, the MSMs constructed from the fractal sol clearly have
a larger average pore diameter, despite a significantly smaller specific surface area (280
m?g~! compared to 388 m?-g™!).
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Figure 6.3: Representative N, adsorption/desorption isotherms of MSMs constructed from fractal sol F2 (in red,
SSA =280 m*g™!, 4= 0.81) and MSMs constructed from spherical sol 2 (in black, SSA = 388 mg™!, ¢ = 0.67).
Inset: PSDs for both MSM species, obtained from the respective desorption isotherms.

From an engineering point of view, it would be interesting to investigate how far the porosity
of MSMs can be increased without compromising the structural integrity of the microspheres.
Highly porous MSMs with large surface areas could, for example, be useful as catalyst
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supports®*. Moreover, it would be interesting to investigate the role of inhomogeneity of the
sol on the internal pore morphology using the tools described in Chapter 4. By embedding
MSMs in sulfur and sectioning the microspheres using an ultramicrotome, ultra-thin cross-
sections can be obtained that can be analyzed using TEM. Unlike polymer-based resins,
sulfur can be sublimated under vacuum, yielding cross-sections free from any embedding
medium®>*. For a successful application of sulfur embedding, see, e.g., Gnanasekaran et
al.’®. The MSMs can then be analyzed for local variations in, e.g., pore size and pore
geometry?’.

Since fractal building blocks behave similar to spherical building blocks, fractal sols and
spherical sols can be mixed in different ratios to co-assemble microspheres with unique
properties. Blending a relatively large spherical sol with low surface area with a similar sized
fractal sol with large surface area could yield MSMs with significantly larger SSAs than
otherwise obtainable. A larger SSA means more active sites to functionalize with surface-
active groups®®*°. In chromatographic terms, MSMs with a larger SSA result in longer
retention times, i.e., the time that an analyte is retained on a column®. Additionally, blending
a small portion of fractal sol into a standard recipe could yield MSMs with the same
properties but under milder reaction conditions. Due to the higher reactivity of the fractal sol,
lower reaction temperatures or less salt is required to synthesize MSMs with the same
porosity characteristics. This is similar to the fine tuning of MSMs via sol particle mixing
introduced in Chapter 3. However, regardless of the size and shape of the building block
used, the resulting MSMs are always isotropic. Therefore, in the next section, experimental
strategies are discussed to obtain anisotropic MSMs.

6.3 Core-shell microspheres (CSMs)

Conventional, fully porous MSMs are used in HPLC instruments that operate in the range of
400 — 500 bar. Modern ultra-high pressure (UHPLC) instruments can operate under pressures
as high as 1500 bar. Conventional MSMs generally have too low mechanical stability to
handle the extreme mechanical load in UHPLC. Therefore, anisotropic MSMs such as CSMs
with solid cores and porous shells are of interest due to their significant higher mechanical
stability*’. Most commercially available CSMs are synthesized via a layer-by-layer approach.
The layer-by-layer approach is based upon electrostatic interactions to build alternating
layers of positively charged polymers and negatively charged nanoparticles on top of core
particles with a certain surface charge*'*2. Although many variations to this method exist and
several other procedures have been reported in literature to fabricate multilayered particles*>
46 the complexity and poor batch-to-batch reproducibility of most methods limits the
widespread use of these materials in separation applications'”.

Here, we propose two potential routes for the assembly of CSMs based on the same overall
experimental protocol established for isotropic MSMs (Scheme 6.2). Route (1) blends solid
microspheres of pre-defined size or pre-assembled MSMs with a colloidal silica sol in a
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conventional water-in-oil emulsion system. Route (2) splits the conventional gelation process
into two steps in order to add a second colloidal silica sol into the system. By controlling the
gelation rate of the primary building blocks that form the core, as well as the size of the
emulsion droplets and the gelation rate of the secondary building blocks that form the shell,
it should, in theory, be possible to independently control the porosity characteristics of both
parts and create multilayered MSMs exposing a gradient in pore characteristics. To date, we
have successfully formed CSMs on multiple occasions, however, reproducibility and control
over the nanoscale properties as shown in Chapter 3 is still lacking.

6.3.1 Microspheres as building blocks

In route 1 monodisperse solid microspheres or pre-assembled MSMs are used as building
blocks to form CSMs. Two possible pathways are briefly discussed below: (i) blending pre-
formed MSMs in the oil phase prior to forming an emulsion or (ii) blending solid
microspheres with a colloidal silica sol prior to emulsification in the oil phase. A schematic
illustration is shown in Scheme 6.2.

Scheme 6.2: Schematic illustration of route 1 to synthesize CSMs. (a) pathway i. (b) pathway ii. Orange indicates
the oil phase. Blue indicates the water phase. Grey indicates silica nanoparticles. Dark grey indicates a porous MSM.
Black indicates a solid microsphere. The steps are explained in the main text.

To illustrate pathway (i), a small amount of 5 um monodisperse MSMs was dispersed in the
oil phase prior to the addition of a silica sol. We hypothesized that the hygroscopic MSMs
would attract the aqueous sol and form emulsion droplets around the dispersed MSMs.
However, preliminary results showed this was not the case. It appeared to be energetically
more favorable for the sol to form separate emulsion droplets rather than to interact with the
MSMs. To improve the interaction, the surface of the MSMs was functionalized with a
charged silane. However, this also did not result in a good interaction between the MSM and
sol nanoparticles.

Alternatively, 2 pm monodisperse solid microspheres were blended directly into the sol prior
to emulsification (pathway (ii)). Although this ensures a good interaction between the core
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microsphere and sol nanoparticles, the drawback is that upon emulsification there are several
emulsion droplets containing multiple core particles. To have approximately one core
particle per droplet, the droplets must be fragmented so that the droplet size is roughly equal
to the size of one core particle. This can be done by fragmenting the crude emulsion droplets
into smaller droplets using, e.g., a couette shear mixer*’*3, A couette mixer consists of two
concentric cylinders that are separated by a small gap. Under certain rheological and shear
conditions it is possible to fragment a crude emulsion into an emulsion with a monodisperse
size distribution*’*8, Several attempts were made to fragment the emulsion droplets obtained
in this work using an in-house designed couette mixer, however, none of these gave
satisfactory results. The emulsion droplets were smaller after fragmentation and the number
of droplets that contained only one core particle appeared to be higher than without shearing
but the overall reproducibility was low.

If the droplets are not fragmented, the solid microspheres act as building blocks together with
the silica nanoparticles and form large hybrid structures via a Pickering-type emulsion®
(Figure 6.4). These structures appear to be hollow, with silica nanoparticles acting as a glue
to hold the larger microspheres in place. Although unexpected, these large > 100 pm sized
microspheres could be potentially of interest in gas chromatography (GC) applications. GC
columns are generally very long and large microspheres could reduce the pressure drop
across the column®,

Figure 6.4: (a) SEM image of a large, hollow structure consisting of solid microspheres held together by layers of
silica nanoparticles. (b) Zoomed-in SEM image of the surface of the structure.

6.3.2 Multi-gelation process

In the second route CSMs were formed by mixing two sol species. Due to the high stability
of the emulsion droplets it was not possible to simply add two sols consecutively. Instead,
the gelation process was split into two steps.

In the conventional experimental protocol, gelation is induced via the addition of salt and
heat (gelation-driven assembly)*2. Gelation is followed by water removal and the MSMs are
filtered, dried and calcined. However, if after a first heating cycle and gelation of the first sol
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a second silica sol is added, emulsification and gelation can be induced a second time to form
CSMs. A schematic illustration is shown in Scheme 6.3.

oil
H,0 gel + sol
— —

Scheme 6.3: Schematic illustration of route 2 to synthesize CSMs. Orange indicates the oil phase. Blue indicates
the water phase. Grey indicates silica nanoparticles. The steps are explained in the main text.

To illustrate, CSMs were formed using two different silica sols as building blocks. First, core
particles were formed via the emulsification and gelation-driven assembly of a silica sol
consisting of 100 nm nanoparticles. At the end of the gelation process, the mixture was cooled
down to room temperature and a second silica sol consisting of 8 nm nanoparticles was added.
The mixture was then re-heated to induce a second gelation step, after which water was
removed and the CSMs were filtered and dried. Two examples are shown in Figure 6.5. The
CSMs clearly have two distinguishable layers but are also inherently flawed. The shell of the
CSM in the first image is severely damaged and the shell of the CSM in the second image
appears to be completely detached from the core. The core itself is relatively smooth, whereas
the outer shell is heavily corrugated. It is unclear why this is the case. We speculate that the
limited space of the nanoparticles in the outer layer and shorter diffusion path to the
continuous phase plays an important role.

Figure 6.5: SEM images of CSMs formed via the multi-gelation protocol. The two layers have different
morphology.

Although it is possible to form CSMs this way, the protocol is incredibly difficult to control,
and the reproducibility is low. We expect that the droplet microfluidics system described in
Chapter 5 can improve the reproducibility of synthesizing CSMs. For example, two flow-
focusing microfluidic chips with different sized orifices can be placed in series to form
controlled double emulsions®'. By replacing one of the two aqueous silica sols by a silica sol
dispersed in an organic solvent such as ethanol, monodisperse droplets of sol 1 may be
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formed in sol 2, which can be subsequently emulsified in the standard organic solvent. A
schematic illustration is shown in Scheme 6.4.

Scheme 6.4: Schematic illustration of a droplet microfluidic route towards CSMs. Grey indicates silica nanoparticles
dispersed in an organic solvent. Blue indicates silica nanoparticles dispersed in water. Orange indicates the oil phase.

6.4 Hollow microspheres (HMs)

A special kind of CSMs are CSMs without a core, i.e., HMs. Many different experimental
protocols have been reported to fabricate HMs such as templating routes using vesicles®>*3,
solid particles®**> or emulsions>*>°. Emulsions are ideal templates for the fabrication of
spherical materials. However, due to their inherent thermodynamic instability they will
ultimately phase separate after a certain period of time®. The emulsion system described
throughout this thesis has a very high stability due to the use of HPC as emulsifier and
stabilizer®!%2. The HPC forms barrier around the emulsion droplets and prevents the droplets
from coalescing”’. Even after sedimentation the droplets remain intact for long periods of
time (> 24 hours). This unique ability can be manipulated to synthesize HMs, as illustrated
schematically in Scheme 6.5.

Scheme 6.5: Schematic illustration to synthesize HMs. Orange indicates the oil phase. Blue indicates the water
phase. Grey indicates silica nanoparticles. The steps are explained in the main text.

In step 1, a mixed oil phase of PEA and MST with a density of poi = 0.936 cm’-g™! was used
to form a W/O emulsion consisting of Milli-Q droplets. After emulsification the mixture was
allowed to sediment overnight. The water droplets sediment due to their slightly higher
density (p = 0.997 cm?-g™!) than the oil phase (step 2). After sedimentation in step 3, a sol
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consisting of 14 wt%, 8 nm diameter nanoparticles (p = 1.079 cm>-g™") was carefully added
along the side of the beaker without disturbing the mixture. The sol is heavier than the other
components and forms a layer below the sedimented water droplets (step 4). Although the
sol and water droplets are both aqueous, they do not easily mix, most likely due to the strong
barrier properties of the emulsifier. However, upon removing the excess oil layer and gentle
mechanical stirring (step 5), a double W/O emulsion can be formed where water droplets are
encapsulated by a thin layer of solvent and a layer of silica nanoparticles. Oil was then added
again (step 6) and the sol was gelled using the same experimental protocol as established
previously to form MSMs (step 7). Experimentally it was observed that if the oil layer is not
removed in step 5 prior to gentle stirring, the sol layer preferentially forms independent
emulsion droplets instead of the desired double emulsion droplets.

An example of the extracted and calcined reaction product is shown in Figure 6.6. Figure
6.6a shows a collection of large HMs with dented surfaces. This could be a result of shrinking
of the interior water droplets during gelation. Since there are no silica nanoparticles in the
core of the spheres, the final mechanical stability of the HMs is lower than for conventional
MSMs. Figure 6.6b shows a relatively small HM with a smooth surface. The interior is clearly
hollow with some smaller microspheres encapsulated by the larger microsphere. This is likely
due to the unintentional formation of a triple emulsion due to mixing, although it is unclear
if the small spheres are also hollow.

Figure 6.6: Examples of HMs formed via a sedimentation protocol. (a) SEM image of a collection of large, crumpled
HMs. (b) SEM image of a damaged HM, clearly showing its hollow interior.

Like the formation of CSMs, this experimental protocol is incredibly difficult to control. The
microspheres are clearly hollow but are not yet suitable for any potential application. We
believe that the droplet microfluidic platform described in Chapter 5 can improve the
reproducibility and ultimately lead to HMs with controlled morphology and tunable porosity
characteristics of the silica shell. Similar to the formation of CSMs via droplet microfluidics,
multiple chips with increasing sized orifices can be placed in series to form controlled multi-
emulsions’!. Three droplet generators in line are required to form a double W/O emulsion
required to form HMs, as illustrated in Scheme 6.6.
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Scheme 6.6: Schematic illustration of a droplet microfluidic route towards HMs. Light blue indicates water. Orange
indicates the oil phase and dark blue indicates silica nanoparticles dispersed in water.

6.5 Conclusions

In summary, we described three experimental strategies towards the synthesis of MSMs with
complex morphologies. We demonstrated for the first time the use of fractal silica sols for
the synthesis of MSMs and show how they affect the morphology and porosity characteristics
of the microspheres. In contrast with conventionally used spherical silica sols, MSMs
constructed from fractal sols have a significantly higher microsphere porosity, whilst the
perfect spherical shape remains intact. Further characterization is required to elucidate the
effect of the anisotropy of the sol on the formation of the porous network and to quantify any
potential local differences in the pore distribution and tortuosity. Additionally, we describe
strategies to synthesize CSMs and HMs. However, due to limited control over the emulsion
droplet size and their behavior in bulk, batch-to-batch reproducibility is low and porosity
characteristics such as the total pore size and porosity of the microspheres cannot yet be
tailored. It is expected that the droplet microfluidics platform introduced in Chapter 5 can
improve the reproducibility of the presented strategies by precise control over the formation
of multi emulsions.

6.6 Materials and methods

Materials

The colloidal silica sols used in this work were provided by Nouryon Pulp and Performance
Chemicals AB, Sweden and consist of colloidal silica nanoparticles (sol) of different sizes
and concentrations in water (Table 6.1). All sols are ammonium stabilized, which means they
have been brought to a pH of 8.5 — 10.5 by the addition of ammonia (25% w/w, Scharlau).
The particle volume fraction of the sols was determined using X-ray fluorescence
spectroscopy and the number mean particle diameter Dp[1,0] and standard deviation (SD)
were determined by cryoTEM (see Chapter 2 for details on the characterization procedure).
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Table 6.1: Colloidal silica sols used to synthesize MSMs.

. number mean

sol  SiO; wt% Dy[1,0] + SD (nm)

1 12 42+1.0 10.1
2 14 82+25 9.2
3 30 17.5+4.6 8.6
4 40 252+£58 9.1
5 22 95.4+ 183 8.6
F1 12 42+1.0 10.1
F2 14 82+25 9.2

Phenethyl alcohol (PEA, 99%) and mesitylene (MST, 97%) as the oil phase and
hydroxypropyl cellulose (HPC, average M 100.000 g-mol™) as a stabilizer and emulsifier
were purchased from Acros Organics. A 5 M stock solution of salt was prepared of
ammonium acetate (Merck). All chemicals were used as received without further
purification. The water used in this work was deionized by a Milli-Q Advantage A10 system
(Merck Millipore) and had an electrical resistivity of 18.2 MQ-cm at 25 °C.

Experimental protocol

Three different experimental protocols were carried out which are detailed below. For each
procedure, a 5 wt% aqueous solution of hydroxypropyl cellulose (HPC) was used as
emulsifier and stabilizing agent. It was prepared by dispersing HPC (5 g) in Milli-Q water
(95 g) at 60 °C. The mixture was stirred continuously and allowed to cool to room
temperature after one hour. Stirring was continued for 24 h. It was then filtered twice over 5
um pore size filter paper (Munktell) and stored in a plastic container.

Procedure 1: synthesis of MSMs

An oil phase was prepared by mixing PEA (70 g), MST (30 g) and 5 wt% HPC (3.7 g)
solution in a beaker at room temperature, and stirring at 300 RPM for one hour with an
overhead mixer (IKA Yellow line OST Basic), after which the mixture was fully transparent.

Colloidal silica (10 g) and 5 M aqueous ammonium acetate solution (100 pl) were then added
to above mixture under constant stirring (350 RPM) to form a W/O emulsion which had a
white/milky appearance. After 60 minutes of stirring, the emulsion was poured in a round
bottom flask that was subsequently attached to a rotary evaporator fitted with a water bath
(Buchi R-200) and exposed to 75 °C at atmospheric pressure for 90 minutes. After gelling
had occurred, rotary evaporation was continued for 90 minutes at a reduced pressure of 200
mbar, at which point almost all the water had been removed from the emulsion, resulting in
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an almost completely clear/transparent mixture. The temperature was then increased to 85 °C
for a further 30 minutes, before being allowed to cool to room temperature. The resulting
MSMs were separated by filtration over a Pyrex glass filter and dried at 90 °C for 16 hours.
Finally, MSMs were calcined in air at 650 °C for 4 hours.

Procedure 2: synthesis of CSMs

Identical to procedure 1, except after gelling had occurred the mixture was poured back in a
beaker and allowed to cool down to room temperature. After cooling down, a second silica
sol (10 g) was added under constant stirring (350 RPM) to form emulsion droplets
encapsulating the ‘wet” MSMs. The mixture was then re-heated to 75 °C under a reduced
pressure of 200 mbar for 90 minutes to remove water from the emulsion.

Procedure 3: synthesis of HMs

An oil phase was prepared by mixing PEA (50 g), MST (50 g) and 5 wt% HPC (2.2 g)
solution in a beaker at room temperature, and stirring at 300 RPM for one hour with an
overhead mixer (IKA Yellow line OST Basic), after which the mixture was fully transparent.

Milli-Q water (10 g) was then added to above mixture under constant stirring (350 RPM) to
form a W/O emulsion which had a white/milky appearance. After 60 minutes of stirring, the
emulsion was left to sediment overnight. After sedimentation, colloidal silica (10 g) was
added slowly to above mixture without stirring, which immediately sank to the bottom of the
beaker. The solvent top layer was then gradually removed via a peristaltic pump. After the
solvent layer was removed, the mixture was gently stirred (100 RPM) to encapsulate the
water droplets with a layer of sol. Afterwards, fresh solvent was gradually added, and gelation
was induced via the same protocol as described in procedure 1.

Microsphere characterization

Specific surface areas, pore volumes and pore size distributions of the synthesized samples
were determined from nitrogen sorption isotherms (Micromeritics TriStar 3000). The
isotherms were measured at =196 °C. The specific surface area was calculated from the
monolayer adsorbed gas quantity in the pressure interval p/p°® = 0.05-0.22 using the Brunauer-
Emmett-Teller (BET) equation®®. The pore volume and pore size distribution were calculated
from the desorption isotherm using the Barrett-Joyner-Halenda (BJH) model’***. Every
sample displayed IUPAC type I[Va isotherms, indicating adsorption behavior inside
mesoporous adsorbents®3. The microsphere porosity was calculated from the pore volume per
gram microspheres and the density of amorphous silicon dioxide®’:
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Vpore
p=—" (6.4)
—+V

pore
Psio,

where Vpore is the pore volume per gram particles and psio is the density of amorphous SiO»,
which we assume as 2.2 g-cm 3.9 While this value can be disputed, the effect of changing
psioz Within reasonable boundaries is limited.

SEM images of select microspheres were obtained using a Quanta3D (Thermo Fisher
Scientific) equipped with a field emission electron gun operating at 5 kV. The particles were
deposited on a SEM-stub and sputter-coated with a 20 nm layer of gold (Emitech K550) to
prevent charging.

CryoTEM micrographs were recorded with the TU/e CryoTitan electron microscope
(Thermo Fisher Scientific) operating at 300 kV in bright-field TEM mode with an image
sampling of 2048 x 2048 pixels (pixel size 0.387 nm-px"). The silica sols were diluted to
approximately 1 wt% with Milli-Q water and applied on copper TEM grids (QUANTIFOIL®
R 2/2, Cu 200 mesh - Quantifoil Micro Tools). The grids were surface plasma treated for 40
s using a Cressington 208 carbon coater prior to use. The samples were then vitrified by
plunging them into liquid ethane using an automated vitrification robot (FEI Vitrobot Mark
110).
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Summary and Outlook

Rational Design of Porous Silica-Based Materials via Multiscale Colloidal Assembly

The work described in this thesis provides useful insight in the underlying mechanisms of
colloidal assembly in spherical confinement and specifically on the formation of mesoporous
silica microspheres (MSMs). Although MSMs have existed for many years, their formation
remains a particularly relevant topic since MSMs are widely used in the pharmaceutical
industry and life sciences for the separation and purification of molecules'. MSMs are
industrially produced on a multi-tonne scale but the range of properties, such as for pore size
and porosity, that can be achieved is limited. This makes it difficult for the industry to adapt
to the ever-changing needs of the pharmaceutical market. In most industrially relevant
processes used today, a generic type of MSM with standard porosity characteristics is
produced, which subsequently receives multiple time-consuming post-treatment steps to
modify its properties to the size and shape of the molecules of interest> . In this work, we
have outlined novel strategies to directly produce a wide range of tailor-made MSMs with
independent control over surface area, pore size and overall porosity, without the need for
additional steps. This was achieved by a systematic investigation of the entire MSM
formation process, including theoretical studies on nanoparticle gelation, modeling droplet
kinetics under different reaction conditions, the synthesis of a large variety of different MSMs
as well as the multiscale characterization of MSMs from the macroscopic scale down to the
nanometer scale.

Like many silica-based materials, the formation of MSMs proceeds via colloidal assembly
of silica nanoparticles. The nanoparticles used as building blocks directly influence the
internal (size of the pores and struts) and external morphology (specific surface area) of the
MSMs produced. Therefore, in Chapter 2, we used an extended version of the classical
DLVO theory as a theoretical framework to quantitatively describe the stability of the silica
sols used throughout this work. Furthermore, we described nanoparticle aggregation as a
function of salt concentration and have shown that the rate of destabilization is related to the
particle size and particle volume fraction. The insights in nanoparticle aggregation behavior
have been used as the basis for all experiments performed throughout the remainder of the
thesis.

The general principles of MSM formation are established in Chapter 3, where we introduced
a strategy to the design of perfectly spherical MSMs with precisely tunable porosity
characteristics across multiple length scales that is both highly reproducible and scaleable’.
We used a combination of evaporation-driven and gelation-driven assembly methods to
fabricate MSMs with tailor-made properties over a much wider range than has been shown
so far in literature. The different MSMs were characterized by a combination of scanning
electron microscopy and physical adsorption measurements and were classified based on

157



their total surface area, pore volume, average pore sizes and width of their pore size
distributions. Each MSM displayed a significantly narrower pore distribution than can be
obtained when additional post-treatment steps are used. This is important for the
pharmaceutical market, since the width of the pore size distribution determines the resolution
and efficiency that can be obtained in HPLC®.

One of the main challenges that was addressed throughout this work was the characterization
of the micrometer sized MSMs down to the nanometer scale pore level. This is not
straightforward because most techniques either do not have the required resolution to resolve
nanometer-sized pores or cannot deal with thick samples, which then require cross-sectioning
by microtomy”®. In Chapter 4 we developed a method to obtain quantitative insight into the
pore network of commercial MSMs using a combination of low convergence angle scanning
transmission electron microscopy tomography with image analysis and lattice Boltzmann
simulations®. We have shown an excellent match between bulk and single-particle properties,
indicating an extraordinary homogeneity from particle to particle. Furthermore, our analysis
revealed local intraparticle differences in porosity and pore sizes that were not known before
and that could have a profound impact on the mass-transport behavior through individual
MSMs!?.

To further elucidate the MSM formation process, we presented a microfluidic processing
route in combination with in-situ optical microscopy in Chapter 5. We studied the effect of
various parameters on the kinetics of emulsion droplet shrinkage and colloidal assembly in
confined spaces and corroborated the results with a theoretical mass-transfer model that is
based on the droplet number density, solvent characteristics and temperature. Moreover,
radial intensity profile maps were obtained to quantify the transformation of emulsion
droplets into MSMs and to show the effect of different reaction conditions on the shrinkage
and gelation behavior in confined spaces. The results described in this chapter provides novel
insights in the MSM formation process, such as evidence that indicates a sudden collapse of
droplets during MSM formation that could potentially explain the local variations in porosity
as observed previously.

With the knowledge obtained throughout this thesis, we have described some exploratory
results in Chapter 6 that highlight how the general principles of MSM formation can be
extended to fabricate MSMS with truly hierarchical morphologies. We have presented
experimental strategies to synthesize anisotropic MSMs, such as core-shell microspheres and
hollow microspheres using multi emulsions, that have unique potential applications that
cannot be fulfilled with standard isotropic MSMs. However, due to limited control over the
emulsion droplet size and behavior in bulk, reproducibility remains low. Furthermore, we
synthesized MSMs from non-spherical fractal silica sols and showed that these MSMs have
significantly higher microsphere porosities than MSMs synthesized from conventionally
used spherical sols.

In conclusion, the work presented in this thesis provides the tools required for the
microstructural design of the next generation of tailor-made silica microspheres for use in
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Summary and Outlook

separation applications, catalysis and beyond. It is now possible to tune pore size and porosity
independently for a wide variety of molecules of interest and combined with microfluidics
create monodisperse MSM in a “one step process”, resulting in custom materials that could
improve resolution and efficiency of HPLC.

Although a great deal of insight on the MSM formation process has been obtained in this
work, parts of the mechanism remain unclear. In future experiments it would be interesting
to have an even more in depth look at the MSM formation process using a combination of
microfluidic processing and, e.g., liquid-phase scanning electron microscopy or liquid-phase
transmission electron microscopy in order to visualize the gelation of silica nanoparticles in
real time. In addition, it would be interesting to investigate the effect of the polydispersity of
the silica sols used as building blocks on the width of the pore size distribution. We expect
that the width of the pore distribution could be decreased significantly if more monodisperse
nanoparticles are used to fabricate MSMs, which will further improve the functional
properties of the material. Special attention should also be paid to the fractal sols described
in Chapter 6. We expect that these non-spherical sols will play a key role in the future design
of novel MSMs that require extra-high porosities. Furthermore, it would be worthwhile to
look at ways to scaleup the microfluidic processing route to produce monodisperse MSMs
on a somewhat larger scale.

The next step in MSM formation is total control over the entire process, i.e., to predict particle
properties, such as the size and porosity characteristics of the MSMs, based solely on the
initial droplet size and reaction conditions. In this work we have shown that we can predict
the porosity characteristics over a large range based on the reaction conditions, as well as
how different parameters affect the shrinkage behavior of emulsion droplets in different
solvent mixtures. However, many details are still unclear and further research on the process
and resulting MSM properties is required. Ultimately, the goal is to combine everything in a
simple, powerful toolbox to design tailor-made silica-based materials with hierarchical
porosity for specific applications in separation, catalysis and beyond.
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