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Abstract

The goal of this research was to determine the effects of processing conditions on the
morphology and surface chemistry of silica nanoparticle based cryogels. All processing
conditions resulted in a change in morphology or surface chemistry compared to the starting
material, CAB-O-SIL HS5 fumed silica. N, adsorption isotherms were used to characterize
surface area and pore size distributions of fumed silica and silica cryogels. TGA
(thermogravimetric analysis) was performed on all samples in order to characterize the adsorbed
water and hydroxyl group content of the silica surface. Solid state ?Si NMR was also used to
evaluate surface chemistry of the cryogel samples. It was found that exposure of the silica
surface to excess water during cryogel preparation results in a higher degree of hydroxylation
than the bare, unprocessed silica. Freezing and freeze drying most prominently affect the
morphological properties of the cryogel, such as bulk density and pore volume. Freeze drying
can cause a high degree of variability in both bulk density and pore volume, which can override
smaller effects on cryogel morphology caused by other processing parameters. The surface of
silica heated to 650°C before cryogel processing was largely de-hydroxylated. and did not fully
re-hydroxylate in the presence of water. When exposed to high pH (10) conditions, the surface
area of a silica cryogel is reduced due to the increased solubility of silica in water at high pH.
Overall, cryogel processing parameters result in significant changes from the starting material.
Many processing parameters result in morphological changes, although surface chemistry has

been shown to play an important role in determining the properties of all cryogel samples.



Introduction

Silica or silicon dioxide (SiO») is an especially common material, making up the bulk of
common, everyday materials such as glass, gemstones such as quartz or agate, and is one of the
most common materials in the Earth’s crust. Pure silica varies widely in form, from monolithic

crystals to powders. Forms of silica can be divided into the following groups:'

I. Anhydrous crystalline Si0,.

2. Hydrated crystalline silica SiO» - xH,O.

3. Anhydrous amorphous silica of microporous anisotropic form such as fibers or sheets.

4. Anhydrous and hydrous amorphous silica of colloidally subdivided or microporous
isotropic form such as sols, gels, and fine powders.

5. Massive dense amorphous silica glass

This thesis deals with silica form number 4, specifically the morphology and surface chemistry

of cryogels manufactured from nanoparticulate fumed silica slurries.

In its pure form, silica can assume a wide range of crystalline forms such as quartz and
tridymite, as well as several amorphous varieties. Silica (or any other element/compound) can be
referred to as crystalline if it can be seen to have long term order in its crystal structure. That is
to say that by knowing the position of one atom in the crystal lattice, one can predict the
locations of all other atoms in the crystal lattice, assuming a perfect arrangement with no defects.
Amorphous silica has only short term order to the crystal structure, meaning the specific
arrangement of silicon and oxygen atoms is not well defined beyond the first few nearest
neighbor atoms. Silicas of all types are used in a huge variety of industrial processes. Silica sand

is used as a raw material for manufacturing everyday glass, while purer forms of silica are used



for more sensitive and specialized applications such as fiber optics. In fact, the manufacture of
extremely pure silica for the express purpose of making fiber optic cables is possible only with a
bit of help from the electronics industry, which can provide extremely pure silicon as a raw
material.” Silica gel is an amorphous and porous form of silica with quite a high surface area,
enabling it to effectively adsorb water from the atmosphere and act as a desiccant. Micron sized
spherical silica particles can even be used as a chromatographic column packing. A column
packed with silica can serve as either a microporous sieve through which larger molecules
diffuse more slowly, or as a type of affinity column, where various analyte components adhere to

the surface of the silica with varying degrees of strength.'

Fumed silica, the type of silica used in this study, has an amorphous structure, which is in
part due to the method in which it is manufactured. The fumed silica is produced by burning
silicon tetrachloride in a flame of hydrogen and oxygen at about 1800°C". This production
process causes the resulting silica to assume an amorphous phase, akin to glass and unlike
crystalline quartz. The amorphous structure results in a silica with a lower density (~2.2 g/cmg)
than its crystalline counterpart (2.65 g/cm3 ). Fumed silicas, specifically those produced by the
Cabot Corporation, are sold under the brand name CAB-O-SIL, typically exhibit a surface area
of ~160-380 m”/g. CAB-O-SIL HS5 was the specific type used in this study, which was not
processed beyond its initial production, as Cabot fumed silicas sometimes are.* Amorphous
silicas, especially in the form of fine particles (micro or nano-sized), are actually more reactive
than crystalline silica, and as such are able to be fused together at lower temperature and
manipulated in a variety of reactions, such as conversion to silicon nitride (Si3Ny), at a lower

temperature than crystalline silica.'



One area of interest in the study of silica is the effect of surface chemistry on the
behavior and properties of the solid silica particles. When the silica lattice terminates, the atoms
at the terminus, deprived of their preferred number of nearest neighbors, exhibit residual
valences or charges as a result. The presence of the oxygen and silicon atoms on the surface not
only permits them to react physically with their surroundings, but chemically as well. For
example, not only can water molecules interact via hydrogen bonding with the surface. but all
silica that is exposed to water and dried below the point of 150°C contains surface SiOH groups.'
More specifically, a silica surface that has been exposed to excess water and dried at any
temperature below 150°C will contain a number of SiOH groups, which has been shown to have
a maximum value of 4.6 to 4.9 OH groups per square nanometer.” There are two forms of SiOH
groups that can exist on the silica surface: hydroxyl groups that are hydrogen bonded to one
another, and the non-hydrogen bonded hydroxyl groups that do not interact with other hydroxyl
groups. A diagram of this can be seen below in Figure 1. Also present on the silica surface are

siloxane (Si-O-Si) groups, also pictured in Figure 1. Just as interaction with water
H
\‘ / O
o2 0 0
' Vi i A} | | | y O N / 0 R
Si Si Si Si Si Si

Si Si Si Si

+ Hy0(g)

Figure 1. Non-hydrogen bonded hydroxyl grup, siloxane group, hydrogen bonded hydroxyl groups (left). Non-
hydrogen bonded hydroxyl group and two siloxane groups (right).

can cause the formation of hydroxyl groups on silica surfaces, these hydroxyl groups can also be
driven from the surface by simply heating the sample. Previous literature indicates that three
temperature regimes exist for the removal of water and/or hydroxyl groups from the surface of

silica. In the 100-200°C range, water molecules interacting with the surface of the silica are
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driven off. Hydrogen bonding interactions with the silica surface prevent the water molecules
from simply leaving en masse at exactly 100°C. From 200-600°C the hydrogen bonded hydroxyl
groups are driven off in the form of water via a condensation reaction. Finally, from 600-800°C a
portion of the non-hydrogen bonded hydroxyl groups are driven from the surface of the silica.
The reason that the hydrogen bonded hydroxyl groups can be removed from the surface at a
lower temperature than the non-hydrogen bonded hydroxyl groups is that two hydroxyl groups
near each other (hydrogen bonded) can more easily form a water molecule and escape the
surface (Figure 1). In the same fashion, weakly interacting hydroxyl groups, such as those at an
intermediate distance from one another, are driven off after closely interacting hydroxyl groups.
but still before the non-hydrogen bonded hydroxyl groups. As will be explained later. the surface
properties of amorphous silica depend largely on the presence of surface silanol groups.”
Hydroxyl group concentration can affect properties of the silica material as a whole, such as
optical transparency. For example, transparency in the 1400 nm region of the electromagnetic
spectrum (infrared) can be increased by limiting the number of hydroxyl groups present, while in
contrast a high number of surface hydroxyl groups will actually increase transparency of the

silica in the UV region.”

Cryogelation and Surface Chemistry

This study focuses on the concept of a supposed cryogelation mechanism upon freezing
an aqueous silica slurry. In general, cryogelation is characterized by the formation of polymeric.
protein, solid or composite gels under cryogenic treatment; which is to say freezing an initial
solution or suspension and keeping it frozen for a certain period of time, which results in pore
formation and physical or chemical cross-linking of the compounds involved. Formation of ice

crystallites upon freezing of the bulk liquid pushes the non-bulk material aside, effectively
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trapping and compressing it between the ice crystallites. This mechanism results in the formation
of a porous network of solute material as detailed in Fig. 2 After the solute molecules/particles
are forced together by the freezing action, they react or interact in some fashion to form a
permanent or semi-permanent structure. Chemical bonds, temporary interactions, or physical
interactions may all occur. The frozen bulk material is then removed by simple evaporation or by
lyophilization, leaving the porous network intact. A completed cryogel need not be one
monolithic piece, but can take the form of clumps of secondary, tertiary, etc. structures, which

may result in a powder like texture.

Solution Freezing Cryogelation  Thawing Cryogel

Figure 2. Cryogel preparation stages: (i) a solution or suspension of reactive monomers or bulk particles, (ii) frozen
mixture, (ii1) stored at subzero temperature, and (iv) thawed to form (v) macroporous cryogel in native hydration
state (which can then be freeze dried).’

Conventions for describing pore sizes in silica cryogels and other porous materials have
been previously described.” Different classes of pores are described as follows: nanopores have a
radius of R < I nm. mesopores have radius of | < R <25 nm, and macropores have a radius of R
> 25 nm. Cryogels of all kinds have a myriad of potential uses. As a class of materials, cryogels
are mainly macroporous materials, and they can be thought of as useful matrices that allow
unhindered diffusion not only of low-molecular weight dissolved compounds but also

5 . 7
macromolecules, cells, efc. due to the interconnected systems of macropores.” The cryogel
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surface may be further modified, chemically or physically, to affect its interaction with the
environment. For example, adsorption of various polymers or ligands to the cryogel surface may

enable the system to trap or modify compounds that come into contact with the modified surface.

Previous work on cryogels largely seeks to characterize their physical properties or adapt
these materials for a variety of applications. An example of one type of inorganic oxide cryogel
synthesis involves freezing silicon dioxide nanoparticles under varying pressures and examining
their morphological and surface characteristics. Work by Gun’ko et al.® found that the properties
of these cryogels, such as adsorption of water and other co-adsorbates. can vary depending on
temperature, silica concentration. and dispersion medium. The interfacial behavior of adsorbates
was measured via low temperature NMR spectroscopy.® In the aforementioned experiment,
cryogels take the form of a powder, made up of aggregates and agglomerates of spherical
particles. Other experiments utilize cryogelation to impart a specific morphology to the final
material. This is done by freezing a sol gel precursor, rather than manipulating metal oxide
particles created previously. A 2010 paper by Nishihara et al.” describes unidirectional freezing
of a composite silica titania hydrogel, which results in the formation of a honeycomb type
structure in the final, dried material. This honeycomb type structure serves to increase the surface
area of the material, and is achieved by controlling the mobility of the titania-silica hydrogel
precursor (the sample mixture before freezing and freeze drying). The titania was included to
utilize its photocatalytic properties to break down salad oil.” Cryogel materials may also be used
for applications such as energy storage. A 2012 paper in the Journal of Physical Chemistry by
Wang et al.'” describes the performance of a hierarchal Co;0, meso and macroporous network
for use in a supercapacitor electrode. Like the Nishihara paper, a sol-gel precursor was prepared.

which was then further processed via a freeze drying method in order to obtain the final
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product.' Previous research has recognized the potential of cryogelation processes, especially
freezing and freeze drying, to control the final morphology of certain materials. This study seeks

to further understand the factors that influence the properties of SiO, derived cryogels.

An important step in understanding silica based cryogels is to take into account the
surface chemistry of the silica itself. Whether during synthesis or upon exposure to water, Si-OH
groups are almost always formed to some extent on the surface of silica.' The amount and nature
of surface hydroxyl groups on silica are of interest because of their ability to react with various
compounds and chemisorb, or attach by chemical reaction, these compounds onto the surface.
An example reaction is given below in which a bond is formed' between the Si atom on the

surface and an atom of an external compound.
Si,OH + ROH = Si,OR +H,0

Though reactions can occur on a non-hydroxylated silica surface, with a siloxane group for
example, the great majority of possible surface reactions explored in previous literature involve a
surface SiIOH group at the start of each reaction.' SiOH groups also interact with surrounding
molecules, such as water, via hydrogen bonding. This interaction is an important component of

the behavior of nanoparticulate silica, especially in aqueous systems.

Analytical Techniques for Probing Surface Chemistry and Morphology

IR

The quantity and specific properties of surface bound SiOH groups can be probed by
several methods, including thermogravimetric analysis, infrared (IR) spectroscopy, and nuclear

magnetic resonance (NMR). Below in Figure 3 one can see a series of reflectance IR spectra
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taken from an unmodified silica gel at varying temperatures. Reflectance IR analysis is a method,
described in the literature, in which the IR beam is not transmitted through the sample, but
instead is reflected off of the sample surface, possibly yielding more sensitive information
(compared to transmittance IR) about surface species, whether adsorbed or chemically
attached.'' Fi gure 3 shows a series of overlaid IR spectra with each curve representing a

spectrum taken at a different temperature. The top most curve indicates a spectrum taken at
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Figure 3. A series of overlayed IR spectra of unmodified silica showing the removal of hydrogen bonded hydroxyl
groups (~3100 cm-1) upon heating as well as the removal of non-hydrogen bonded hydroxyl groups (~3650 cm-1)

upon further heating.®

100°C and each subsequent curve, moving closer to the x axis, represents a spectrum taken at a
higher temperature, all the way up to 700°C. The diffuse peak centered on ~3100 cm’' represents
the hydrogen bonded hydroxyl groups, which are able to condense as water relatively easily and
be driven from the silica surface. The hydrogen bonded hydroxyl peak thus diminishes very
quickly leaving behind the peak centered on ~3650 cm’’, resulting from the non-hydrogen

bonded hydroxyl groups. As one can see from the graph, this peak does not start diminishing



15

appreciably until 700°C, which is in line with previous literature.'* One can see how such data
would be relevant and illuminating regarding the relative quantity and type (hydrogen bonded vs.

non-hydrogen bonded) of hydroxyl groups.

Bulk Density

A property of interest for many materials, in powder form especially, is bulk density. In
addition to affecting the handling of the bulk material, bulk density is indicative of the grouping
of small primary particles that make up the powder itself." The primary particles can come
together to form primary structures, referred to as aggregation, and these in turn can clump
together to from agglomerates. The exact nature of the primary, secondary, tertiary structure of
such materials, like oxide based cryogels, is influenced by many factors. However. a high bulk
density generally indicates a closer interaction of the primary particles. When combined with
other analytical techniques, simple bulk density measurements can contribute to the
understanding of the sample morphology and even surface chemistry. One can take advantage of

the particular surface chemistry of silica to aid in this regard.

TGA

Another method of probing the surface chemistry of nanoparticulate silica is known as
thermogravimetric analysis (TGA). As stated above, free water and hydroxyl groups are driven
from the silica surface in three temperature ranges 100-200°C. 200-600°C and 600-800°C."> As
mentioned above, these temperature ranges correspond to: the evacuation of surface water.
hydroxyl groups hydrogen bonded with another hydroxyl group. and a portion of the non-
hydrogen bonded hydroxyl groups, respectively. Thermogravimetric analysis incorporates a
sensitive microbalance into a furnace assembly for the purpose of precisely measuring weight

5 . . i " . 14 s
loss, down to fractions of a milligram, as a function of temperature. ~ By knowing the sample
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weight and the amount of material lost in each temperature range, one can quantify the amount
of free water and hydroxyl groups of both types present in a certain amount of sample. Different
processing parameters such as initial particle size. silica slurry concentration, freezing
temperature, or pressure can potentially combine in many ways to affect sample morphology,
and other parameters. Previous studies have shown that the initial silica-water concentration,
pressure, and compaction during freezing can affect at least the amount of water (not hydroxyl
groups) that desorbs from a cryogel sample.]3 This means that parameters such as freezing and
pressure during freezing can affect the morphology, which includes the pore structure, of a
cryogel, which can in turn influence how a silica surface can retain water.” The specific physical
environment. inside a pore for example, affects the interaction between the silica surface and the
adsorbed water. This has also been shown to affect how other chemicals interact with the surface
as well.""> TGA can be quite useful when comparing samples that may have been altered by
heating, chemical changes. or other sample processing parameters. However, thermogravimetric
analysis is not capable of determining minute, quantitative parameters such as the specific
concentration of surface hydroxyl groups. It is more suitable to point out general differences

between samples.

N; Adsorption

N, adsorption/desorption analysis can be used to determine the surface area and overall
pore structure of nanoparticulate silica and virtually any other solid material of interest. One of
the more common methods used to obtain useful information from N, adsorption desorption
experiments is the BET (named for Brunauer, Emmett, Teller) method." Essentially, the surface
area of a material can be measured by covering the surface with a monolayer of N> molecules,

. . . 1 29 .
and since the area covered by a nitrogen molecule is known (16.2A7), the surface area can then
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be calculated as explained below. Performed at 77K, the temperature of liquid nitrogen, precise
measurement of the partial pressure of nitrogen and subsequent analysis using equation 1 yields
the volume of nitrogen adsorbed and thus the specific surface area of the material.' In equation 1

p 1s the gas pressure,

p IR +(c—l)zo
Va(Po—P) VUmC VmCPo

(1)
v, 1s moles of gas adsorbed per gram of adsorbent material, vy, is the monolayer capacity of the
surface, p, is the saturation gas pressure at the temperature used in the experiment, and c is a
constant defined in equation 2 below. ¢ is simply a constant where E; is the heat of
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