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Abstract

Bioactive glass bone scaffolds are promising for bone regeneration due to their ability to bond with
bone, but current processing techniques face challenges, particularly regarding heat treatment and
formability. To address these issues, our lab explored a new approach by creating formable
composite scaffolds using 45S5 bioactive glass powder mixed with a sodium silicate binder

(waterglass). However, achieving clinically practical setting times remained a challenge.

This dissertation addresses this issue by optimizing the sol-gel transition of sodium silicate
solutions (waterglass) with acid initiators to create formable bioactive glass composites. Since the
setting of the composite depends on waterglass gelation, the focus was on controlling this gelation
process. Given the complex nature of waterglass and the existing knowledge gap compared to
well-understood bioactive glass, the sol-gel transition of waterglass was the primary focus. The
main goal was to reduce the gelation time of waterglass to a practical range, as well as to
understand the relationship between processing conditions, molecular structure, and mechanical
properties of the resulting gels. The experimental section was divided into three parts, each
addressing a specific aspect related to the hypotheses: (1) gelation kinetics, (2) molecular structure,

and (3) mechanical properties and microstructure.

In the first part of the research, by varying pH (from 2-11), waterglass concentration (from 15-50
wt.%), and acid initiator types (boric and phosphoric acids), the gelation time was successfully
reduced from 10 days to ~10 minutes. The pH and waterglass concentration were found to
significantly impact gelation kinetics and the final gel microstructure, while the type of acid was
less significant. The gel point identified through a quantitative method (UV-VIS
spectrophotometry) indicated the onset of gelation (~8 minutes), while the qualitative method (tube

inversion) indicated the point where the gel network became rigid.
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In the second part, molecular structure analysis using Raman spectroscopy revealed that basic gels
contained higher-order silicate rings, with ~60-72% Q® units and ~10-17% Q? units, whereas acidic
gels had ~70-80% lower-order silicate rings, predominantly Q? (~62-80%) and Q° (~20-38%).
Moreover, real-time Raman spectroscopy revealed that gelation proceeds by agglomeration of

silicate particle through physical interactions.

In the third part of the study, mechanical testing under compression showed that all hydrogels
initially had similar strengths (7.3-9.9 MPa). Aging significantly increased their strength, with
basic gels reaching 16.4-38.0 MPa and acidic gels reaching 21.2-53.7 MPa one hour after gelation.
Engineering stress overestimated true stress by 21-66%. Real-time monitoring during
compression, along with fractography, revealed radial, circumferential, and splitting cracks. Basic
gels, with larger structural units, formed looser, mesh-like structures with large pores (3-5 pm),
resulting in higher ductility and shrinking pores over time. In contrast, acidic gels, with smaller

units, formed dense, brittle gels with small pores and strong internal connections.

This research provides a detailed understanding of the sol-gel transition in sodium silicate
solutions, highlighting the influence of processing condition on gelation kinetics, molecular
structure, and mechanical properties. These insights facilitate the design of optimized bioactive
glass scaffolds, improving their clinical applicability for bone regeneration by enabling tailored

scaffold properties.
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Chapter 1: Introduction

1.1. Problematization

Bone intrinsically demonstrates remarkable regenerative properties. The highly complex and
dynamic process of regeneration occurs at different time and length scales and allows the bone to
restore to its original form and function'. However, the healing capacity of bone is delayed or
impaired by critically sized defects and open fractures caused by trauma, infection or diseases.
Other factors like aging and comorbidities may also cause a reduction in the healing property of
bone?. The treatment of these situations remains a clinical challenge. Delayed or non-union
healing significantly affect the quality of life for the patient and increases the associate costs,
especially in the elderly population®. Bone autografts (which are harvested from a donor site and
implanted in the same patient) are considered the gold standard due to their osteogenic,
osteoconductive (i.e., a stable bond to bone), and osteoinductive characteristics (i.e., induce
osteogenic differentiation of the stem cells and osteoblasts to stimulate new bone formation).
However, the need for multiple surgeries, potential morbidity, shape restrictions, insufficient
quantity and complications associated with harvesting limit the clinical usage of autografts*>.
Allografts (harvested from human donors) and xenografts (harvested from other species) on the
other hand, eliminate the need for a second surgery but may cause an immune response and there
is risk of disease transmission®. These drawbacks motivated the development of effective and
readily available bone graft substitutes. An engineered bone substitute that can mimic the structure
and function of bone and ultimately be replaced by new bone would be ideal as an alternative
solution. Bone substitute can be defined as “a synthetic, inorganic or biologically organic
combination- “biomaterial ’- which can be inserted for the treatment of a bone defect instead of
autogenous or allogenous bone” (ref’, p. 17). The number of procedures requiring bone implant
materials is increasing, and probably will continue to rise as the aging population is increasing?®.
A $2.58 billion USD market was estimated for the global bone grafts and substitutes in 2018 and
is expected to witness a CAGR' of 4.1% until 2026°. Nevertheless, so far, no product on the
market fully satisfies the need for a material that performs as well as autografts without the

associated risks.

i Compound Annual Growth Rate



Introduced by Langer and Vacanti'?, tissue engineering aims to provide a permanent solution
for the repair and regeneration of tissues using cells, factors, and biomaterials alone or in
combination. Bone tissue engineering (BTE) is a promising approach for bone regeneration as it
has lower risk of disease transmission, infection and immune response, and vast availability. In
BTE a 3D structure—a scaffold—is required to mimic the bone structure so that new bone tissue
will grow in a 3D manner. Scaffolds made of engineered biomaterials are, in general, designed to
act as temporary skeleton that provides an appropriate environment and mechanical stability
supporting cell adhesion, migration, proliferation, and differentiation with the goal of new bone

tissue formation.

The choice of suitable material is the first challenge in designing a biomaterial. A wide range
of metallic, ceramic, natural and synthetic polymeric biomaterials, and their composites have been
investigated for BTE. While many of these materials provide structural support and biocompatible
surfaces for cell attachment and proliferation, they often lack stimuli that guide tissue-specific
cellular responses and differentiation!!. The problem that arises is the lack of interface between
the implant and the tissue which triggers the immune system to isolate the implant from the host
tissue through fibrous encapsulation. As opposed to these nearly “inert” materials, the concept of
bioactive materials was introduced based on a hypothesis that a material that is able to form a
hydroxyapatite (HA) layer in vivo, may not be rejected by the body because it mimics the mineral
component of bone. This idea led to the revolutionary discovery of Bioglass® by Hench in 1969'2.
After exploring different glass formulation in the Na2O—CaO- SiO2—P20s oxide system, Hench
selected the composition of 45% S102-24.5% Nax0-24.5% Ca0-6% P20s which is close to a
ternary eutectic. This glass composition termed as 45S5 Bioglass®, was the first synthetic
bioactive material with the capability of bonding to living bone and tissues, without the formation
of any fibrous layer. This discovery launched the field of bioactive ceramics, including bioactive

glasses, glass-ceramics and ceramics such as synthetic HA and other calcium phosphates.

Bioactive glasses are not only osteoconductive'3, but also osteoinductive'#; meaning that they
support new bone growth along the bone—implant interface as well as within the implant. These
glasses offer the advantage of stimulating bone regeneration at higher rates in contrast with other
bioactive ceramics such as HA'>. Surprisingly, after many years of research on bioactive glasses

by numerous research groups, no other bioactive glass composition has been found to have better
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biological properties than the original Bioglass® 45S5 composition'®. Being implanted in millions
of patients, 45S5 glass has proved to be safe and effective in BTE applications. While all these
features make Bioglass® an attractive biomaterial, it has some limitations as a scaffold material.
One major issue is the difficulty of processing it into a porous 3D scaffold. All the well-known
processing techniques (such as sponge replica method, foaming methods, sol-gel, freeze casting,
freeze drying etc.) involve sintering the glass particles in order to bond them into the desired 3D
structure. However, the 45S5 glass has poor workability due its narrow sintering window (the
temperature difference between Tg' and Te.onset') and usually devitrifies into a crystalline phase!®.
While this consolidation step improves the strength of the final scaffold, the full or partial
transformation between the amorphous and crystalline phase adversely affects the bioactivity by
altering the dissolution profile!’. The current trend to suppress crystallization of phases in
bioactive glasses is using additives (such as such as K2O and MgO'®) to widen the sintering
window; again, at the expense of bioactivity. Therefore, it is quite a challenge to design a glass
scaffold that can be sintered without crystallizing and also remain bioactive and mechanically
stable. Moreover, surgeons prefer implants that can be easily cut/shaped in response to each
patient’s need; something that can not be achieved by already-shaped implants of fixed size. A
“‘one size fits all’’ mentality would be unrealistic in the context of heterogeneous anatomy and
physiology along with site specific considerations'®. Traditional scaffolds need to be made ex-situ
and are often formed in a mass. Therefore, they cannot fill the bone defect and there is no way to
adhere pieces together (other than bone cement). Additive manufacturing (AM) or rapid
prototyping methods can be very suitable for producing scaffolds with customized shapes and
microarchitectures. However, bulk forming does not allow for the conformal application of a
scaffold to undercuts. Another aspect that limits the use of AM techniques in clinical applications
is that they are costly and time-consuming, as they require the use of a 3D model of the bone
defect, usually acquired by micro-CT"20, Therefore, none of these ex-situ methods are in

widespread clinical use.

In respond to this need, a number of Bioglass®-based products have been commercially

developed that can be directly pressed into bone defects. The first one was PerioGlas® which was
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approved by FDA in 1993 and is used for repairing jawbone defects caused by periodontal
diseases. Another example is NovaBone® that was cleared in 1999 for orthopedic bone grafting in
non-load-bearing sites. These products are usually mixed with the patient’s blood to obtain a

t'6. Products based on bioactive glasses

putty-like consistency to completely fill the bone defec
still are limited to small bones or non-load bearing sites and would shatter or deform if utilized
solely in large bone repairs. In some cases, metal screws and hooks are needed to secure them in

place, and existing products cannot support such mechanical fasteners.

The full potential of bioactive glasses in bone regeneration is still yet to be fully exploited,
and research for finding the “ideal” scaffold is still ongoing. While Bioglass® is a promising

b

biomaterial, the question of “How to make the ideal scaffold from Bioglass® remains
unanswered. Despite the increasing quantity of research and discoveries, a gap usually exists
between research and clinical application/commercialization. This gap can be termed as the
“valley of death”; as a large number of attempts “die” in between®!. Generally, the “valley of
death” is particularly large for tissue engineering due to the high costs associated and/or the long
path of gaining clinical approval by regulatory bodies. Designing and manufacturing processes
are believed to be the gatekeepers to translate a research into clinical applications and the
development of these entities will enable to bridge the gap between research and clinical

21,22

practice”*“. It is critical to assess the challenges and clinical demands in choosing the

manufacturing process to take a bone scaffold from bench to bedside.

Based on the reviewed challenges in processing bone scaffolds made of bioactive glasses
(from both traditional ceramic processing and additive manufacturing methods), developing a new
processing route for fabricating bioactive glass bone tissue scaffolds seems a serious need. A
process method which involves neither heat for consolidating nor polymers to bind the ceramic;
does not require additive manufacturing machines, CT scans, 3D models, and high-tech processes;
and creates a porous and bioactive scaffold at room temperature. A sophisticated processing route
will not necessarily have a high level of complexity. Suppose, as a design concept, we have a
formable paste made by mixing powder and liquid that a surgeon can easily press into the shape

of a bone defect in a patient, and let the implant set and harden in minutes.

I explored a design to develop a formable, in-situ setting bone tissue scaffold that is

mechanically stable and degrades in a way that effectively stimulates bone regeneration. The
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proof-of-concept work, detailed in the next section, led to the development of a method for mixing
sodium silicate solution (also known as waterglass) with 45S5 bioactive glass frit to create a
formable paste capable of filling bone defects of various sizes and shapes. This paste sets through

acidification of the sodium silicate solution, leading to the formation of a silica gel.

Blood putties, such as NovaBone®™ while providing controlled degradation through their
composition and some degree of mechanical integrity, do not "set" in place, which makes them
less stable and less effective at locking into position in contrast to binders that form a gel in-situ.
A binder such as waterglass offers customizable gelation kinetics—allowing surgeons to control
setting times and match the specific needs of a procedure. In-situ gelation provides better
mechanical stability and ensures the scaffold remains securely in place over time. This stability is
specifically important for surgeries requiring sustained structural support and long-term tissue
regeneration. Control over the gelation kinetics and mechanical properties of the waterglass binder
is crucial, as it directly impacts the setting time and mechanical properties of the final composite
scaffold. Achieving this control requires a fundamental understanding of the chemistry of
waterglass, its gelation mechanism, the mechanical properties of silica gels, and the factors

affecting gelation kinetics and mechanical properties.

Based on this background, the main research question proposed herein is: “How can the
processing conditions be optimized so that the waterglass binder transforms into silica gel with
a gelation time and mechanical properties suitable for effective bone tissue scaffold

applications?”
1.2. Proof of concept work

The starting point for this research extends from the prior proof-of-concept work by Caitlin
Guzzo?** (a former MSc student). Guzzo’s work aimed to explore the possibility of creating a
porous and formable ceramic composite scaffold without using high temperatures for powder
consolidation (i.e., processing at ambient temperature). The process involved mixing 45S5
bioactive glass frit and sodium silicate solution (waterglass) as a binder, creating an air-setting
paste that sets in-situ to form a 3D porous bone scaffold capable of bearing loads. The results
showed that the obtained paste was formable enough to fill and compact into a variety of

geometries and that the final composite was porous, which is crucial for bone regeneration (Figure



1.1). Although the proof-of-concept demonstrated that forming a self-setting porous and formable
ceramic composite scaffold was possible at ambient temperature, the setting time of approximately
10 days made it impractical for clinical application and surgery. Addressing this setting time issue
is the main driving force for the present study, with the primary goal of accelerating the setting

reaction and decreasing the setting time to a range practical for clinical applications.

Bioactive Glass Ceramic Binder Neck

B Open Pore (Set Binder)

Figure 1.1 (a) a hand-formed mass of unset composite paste (left) and manual shearing of the paste (right), illustrating
its formability and cohesion before setting, from ref?; (b) photo (left) and cross-sectional optical light microscopy

micrograph (right) of porous bioactive glass-waterglass composite set in air, from ref**,
Waterglass was chosen as a binder phase for its ability to set in air at room temperature. One

important example is the carbon-dioxide process in foundry work, where sand is mixed with
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sodium silicate and carbon dioxide gas is passed through the compacted sand to harden the
binder®. The approach herein is to create a formable tissue scaffold using two components:
bioactive glass particles, and a liquid binder. When mixed, the bioactive glass particles are held in
place by a silicate-based binder that wets the particles and then hardens upon exposure to carbon
dioxide gas. Sodium silicate solution has been very successful in agglomeration processes that
combine or consolidate fines or small particles into larger units?*?’. Consolidation occurs as a
result of the in situ formation of alkali silicate gels which act as bridges between the particles. The
slow reaction rate between atmospheric CO2 and the binder resulted in the long setting times in
Guzzo’s work. Therefore, it was hypothesized that the setting time could be accelerated by using
concentrated carbon dioxide gas, which is often already present in an operating room. Moreover,
in this application, washing the gels or performing ion exchange after setting is not feasible.
Therefore, waterglass is a preferable choice over alkoxides such as TMOS or TEOS, which can be

costly, and are also toxic unless the alcohol is fully removed.

To test this hypothesis, a set of preliminary experiments was performed, the details which can
be found in Appendix A. The results demonstrated that the setting time of the composite could be
reduced to less than ten minutes by applying concentrated CO2 gas while maintaining shape

retention and stability. However, there were major drawbacks to this method:

o Lack of repeatability
e Mass transport limitations at surface
o Being limited to a narrow basic pH range, despite the properties of silica gels being highly
dependent on their pH
Due to these limitations, the research direction had to be changed. The first step was to
understand the chemistry and gelation mechanism in waterglass, leading to extensive research and
a comprehensive review paper on these solutions (section 2.2). After understanding the
fundamentals, the project shifted to using acid solutions, instead of CO2 gas, to induce volume
mediated accelerated gelation (that is, silica gel formation from waterglass) and consequently,
setting in composite scaffolds. As illustrated in Figure 1.2, the CO2 method is surface-dependent,
where a thin surface layer of silica gel forms and hinders further inward diffusion of COz, thereby

limiting complete gelation of the entire volume. On the other hand, the acid initiation method is



volume-independent, as hydrogen ions are uniformly dispersed and distributed, promoting

homogenous gelation throughout the entire scaffold.
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Figure 1.2 Schematic of the CO; and acid-initiated gelation mechanisms in waterglass. The CO, method is surface-
dependent, where a thin silica gel layer forms on the surface, restricting further CO, diffusion and preventing complete
gelation. In contrast, the acid initiation method is volume-independent, with hydrogen ions being evenly dispersed
and distributed throughout the solution, enabling uniform gelation within the entire volume.

1.3. Objectives

The study was conducted to develop a workable, formable paste that can be inserted inside a
bone defect of any size and shape and sets in situ into a rigid, porous 3D structure, promoting bone
tissue regrowth in a safe and effective manner. The long-term objectives, as set by the grant

application that funded this project?®, were to:
1) change how we design with glasses for use in bone tissue scaffolds;
2) create new ways of processing such materials for health benefits to Canadians;
3) surpass existing assumptions about how glasses should, and can be made to behave.

The goal of this work is to optimize the processing conditions of silica gels from waterglass
and to control and predict their gelation kinetics, microstructure, and mechanical properties in the
gel state over time. Since the structure and properties of silica gel directly influence the properties
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of waterglass-bioactive glass composite scaffolds, controlling these properties will enable us to
create a formable composite material that can be formed and set in sifu while maintaining open

porosity and mechanical stability after implantation.
The short-term objectives of this work were to:

1. Develop a fundamental understanding of sodium silicate solution chemistry and its gelation
mechanism to identify the parameters controlling gelation;

2. Determine the effect of the identified key processing variables on gelation kinetics by
measuring gelation time, aiming to reduce the gelation to a clinically practical range of
around 10 minutes;

3. Investigate the effect of the aforementioned processing variables on the optical properties
of'silica gels, including light scattering and transmittance, to gain insights into both gelation
kinetics and the resulting gel structure;

4. Develop a quantitative understanding of the sol-gel transition and final gel structure of
sodium silicate solutions at the macro and molecular level, and how processing variables
impact this process, through real-time chemical analysis;

5. Assess the mechanical properties of silica gels under various conditions in their hydrogel
state over time, including engineering and true compressive strengths, as well as
deformation and failure analysis through real-time monitoring during compression tests;

6. Assess the microstructure, including morphology, pore size, and pore distribution of silica
gels produced under different conditions over time;

7. Establish a connection between all obtained results to form a comprehensive processing-
structure-property relationship for silica gels made from sodium silicate solutions.

1.4. Hypotheses
1.4.1. Hypothesis one

Acidifying waterglass binder with acid solutions will decrease its gelation time, and
consequently the composite setting time, as a function of pH, waterglass concentration and

type of acid used.

In a waterglass-bioactive glass mixture, waterglass binds grains of bioactive glass together to

create a formable paste. Upon gelation of waterglass, the entire mixture hardens, making the
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composite's setting time dependent on the waterglass gelation time. Gelation or hardening upon
acidification of waterglass occurs due to the hydrolysis and condensation reactions of the silicate
species in the solution, ultimately forming a 3D gel network. In previous proof-of-concept work

by Guzzo*?*

, acidification was achieved via atmospheric CO2 being naturally dissolved in
waterglass, which was a very slow process. My initial hypothesis was that using concentrated CO2
gas would accelerate the reaction. However, preliminary experiments (Appendix A) revealed
significant drawbacks with this method. Based on the preliminary results, I hypothesized that using

an acid solution would offer major advantages over acidification by gassing, such as:
e Achieving a homogeneous mixture of acid and waterglass solution
o Eliminating the surface diffusion-limited barrier
e Attaining a wide range of pH levels for increased control of the gelation time

To meet research objective (1), extensive research was conducted on the available literature,
resulting in a comprehensive review paper presented in Chapter 2 (section 2.2). Through this
research I identified key parameters influencing the gelation of sodium silicate solutions, including
pH, waterglass concentration, Si02/NaxO ratio of waterglass, temperature, type of acid catalyst,
and the presence of alkali ions. By using commercial waterglass, with no additives, and working
at ambient temperatures, I narrowed down the independent variables to three: pH, waterglass

concentration, and type of acid.

To test hypothesis (1) and achieve research objectives (2) and (3), I examined how independent
processing variables—pH, waterglass concentration, and type of acid—affect gelation kinetics. I
studied gelation kinetics using the tube inversion method and by analyzing optical properties.
Additionally, I explored the relationship between optical properties and the final gel
microstructure. All results are detailed in Chapter 3. The results confirmed hypothesis (1); the
gelation time, and consequently the composite setting time, can be reduced from many days to few
minutes. The type of acid used had a less significant effect than the impact of pH and waterglass

concentration.
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1.4.2. Hypothesis two

The pH, waterglass concentration, and the type of acid used significantly influence the
molecular structure and the final microstructure of silica gels, enabling the formation of

silica gels with tailored structures at a fixed gelation time.

A comprehensive review of waterglass solutions revealed a significant knowledge gap in the
fundamental understanding of their sol-gel transitions at the molecular level. After evaluating the
advantages and disadvantages of various chemical analysis techniques, I determined that real-time
Raman spectroscopy was the most suitable method for studying sol-gel transitions in real-time in
these solutions. To address the knowledge gap in the field, test hypothesis (2), and achieve
objective (4), I performed real-time Raman spectroscopy on acid-initiated waterglass solutions
under different processing conditions. The results were analyzed at various length scales, from
molecular to particle and agglomerate levels, as well as microstructure. Additionally, connections
were found between these results and those from testing hypothesis (1). All findings are detailed
in Chapter 4. The results confirmed hypothesis (2): it was indeed possible to produce silica gels
with the same gelation time but significantly different structures. pH emerged as the most
significant variable affecting the molecular structure. Both pH and waterglass concentration played
significant roles in shaping the microstructure. However, as the waterglass concentration
decreased, the microstructure became increasingly similar, even across samples with different pH
levels. The type of acid used had a less significant effect compared with pH and waterglass

concentration.
1.4.3. Hypothesis three

The pH, waterglass concentration, type of acid used, and time significantly influence the
mechanical properties, deformation behavior, and microstructure of silica gels, enabling the

formation of silica gels with tailored mechanical properties at a fixed gelation time.

Based on hypothesis (2), it is possible to produce silica gels with the same gelation time—
suitable for clinical applications—that exhibit different structures depending on the processing
conditions. Consequently, I hypothesized that these gels would also have varying mechanical

properties despite having the same gelation time.
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After gelation, the gel undergoes an aging process where the network continues to develop,
expels liquid, and shrinks. This gradual process increases the gel's strength over time. In other
words, there is an initial rapid hardening at the gelation point, followed by a continued increase in
strength. The rate of aging is influenced by the final gel structure, which in turn depends on the
processing conditions. Thus, time was considered as a fourth independent variable for this

particular hypothesis.

The ultimate goal was to create a silica gel that provides sufficient strength to the bioactive
glass paste so it can retain its shape and stabilize within a bone defect. To address this goal,
mechanical properties should be evaluated, not only in terms of strength, but also considering

deformation mechanisms and ductility or brittleness.

To test hypothesis (3) and achieve research objectives (5) and (6), I assessed the mechanical
properties of silica gels under uniaxial compression and monitored the instantaneous cross-
sectional area in real-time. For objective (7), I integrated the results from all three hypotheses to
complete the processing-structure-property relationship for silica gels derived from waterglass. All
findings are detailed in Chapter 5. The results confirmed hypothesis (3): silica gels with different
mechanical properties and same gelation time were fabricated. The effect of type of acid on
mechanical properties and microstructure were found to be less significant than pH and waterglass

concentration. Time had a significant positive impact on mechanical properties due to aging.
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Chapter 2: Literature Review

2.1. Bioactive glasses
2.1.1. Why bioactive glass, and why 45S5?

Scaffolds play a key role in bone tissue engineering (BTE) as they mimic the mechanical and
biological functions of the bone. Researchers a/most agree on a set of criteria that needs to be met

in order for scaffolds to serve their functions:

1) biocompatibility to support cellular activity without toxicity or inflammatory reaction; 2)
biodegradability with a controllable degradation rate that let the scaffolds to be gradually replaced
by the host tissue; 3) mechanical stability to maintain integrity and bear loads; 4) architecture with
interconnected open pores to allow for cell migration, nutrient and metabolite transfer,
vascularization and tissue ingrowth; 5) bioactivity so it can directly bond to the host tissue and
create a stable interface; 6) osteoconductivity and osteoinductivity to enhance osteoblast
attachment, migration, and proliferation and to induce differentiation; 7) be tailored into different
shapes and sizes to allow in-situ treatment of individual patient bone defects; 8) be reproducible

and sterilizable for commercial production and clinical use.

Materials currently used in bone repair and regeneration include metals, bioceramics, natural
and synthetic polymers, hydrogels and related composites. Metals and metal alloys are generally
not considered desirable for BTE due to the lack of biodegradability and biological recognition'-2.
While magnesium, zinc, and iron alloys are considered biodegradable in this group®, they may
inhibit bone formation markers and release metal ions that can cause inflammatory responses in
the host body*. Natural and synthetic polymers have been widely used as bone scaffolds due to
their biocompatibility, degradability and ease of processing’. However, single polymeric scaffolds
are usually poor in mechanical strength. Nowadays research is mainly focused on hybrid

ceramic/polymer scaffolds®’.

Bioceramics including amorphous glasses, crystalline ceramics, glass-ceramics and their
composites have been very promising in the field of BTE. Hydroxyapatite (HA) for example has
been extensively used in bone scaffolds due to its excellent biocompatibility, chemical similarity

to bone, osteoconductivity and osteoinductivity®. However, HA is more common as reinforcer (in
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form of fibers or nanoparticles) in polymer-based composites due to its slow degradation rate and
brittleness’. Achieving a stable attachment to the host tissue is a key in determining the success of
the biomaterial and the mechanism of this attachment is directly related to the type of tissue
response at the tissue-implant interface'?. The type of material response is mainly governed by its
reactivity in physiological conditions'!. Bioceramics are classified into four groups based on their
tissue response: nearly inert (e.g., alumina and zirconia); bioactive (e.g., bioactive glass);
resorbable (e.g., B-TCP') and porous (e.g., HA coated metals)'?. Nearly inert bioceramics are not
good candidates for scaffolds as they trigger the immune system to form a fibrous layer on the
implant surface which may result in complete encapsulation. This group of ceramics are generally
used as femoral heads, acetabular cups for hip replacement or dental implants'®>. On the other
hand, it was found that certain compositions of glasses, ceramics, glass-ceramics, and composites

known as “bioactive” ceramics can form a mechanically strong bond to bone!*.

The concept of bioactivity was first introduced with the discovery of Bioglass® by Hench in
1969'. 4585 Bioglass® was the first man-made bioactive material with capability of bonding to
living bone and tissues, without encapsulation. The name of 45S5 was chosen to reflect the
composition, which is 45% S102-24.5% Na20-24.5% Ca0O—6% P20s. A common characteristic in
all bioactive materials is the time-dependent formation of a biologically active hydroxycarbonate
apatite (HCA) layer on the surface, which provides the bonding of tissue at the interface's.
Therefore, a bioactive material was defined as: “A material that elicits a specific biological
response at the interface of the material which results in the formation of a bond between the
tissues and the material” (ref'®, p.75). The HCA phase formed on these bioactive materials is
chemically and structurally similar to the bone mineral phase and is responsible for the direct
chemical bond to bone'®. This mineral phase is formed via a series of dissolution, precipitation and
ion exchange processes occurring at the bioactive ceramic interface, which eventually results in

extracellular matrix formation'’.

Hench'® classified bioactive materials into two types of class A and class B based on their level

of reactivity with the surrounding tissue. Class A bioactive materials are both osteoconductive and

i TriCalcium Phosphate
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osteoproductivei, being able to bond to both bone and soft tissue. In contrast, class B bioactive
materials are only osteoconductive. Relative bioactivity and time dependence of formation of
interfacial bone bonding for various bioceramics are shown in Figure 2.1. Bioactive glasses belong
to class A, and as can be seen in Figure 2.1, they exhibit higher rates of HCA and bone-bonding
formation compared to other bioceramics (with Bioglass® being the top); making them promising
materials in bone tissue engineering. This feature is attributed to the stimulatory effect of their
ionic dissolution products (e.g., Si, Ca, P), which ultimately results in the formation of a hydrated

silica and HCA bilayer on the glass surface.
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Figure 2.1 (a) Relative rate of bioreactivity and (b) Time dependency of bone formation.at implant interface for
various biocerarnic implants ((A) 45S5 Bioglass® (6) KGS CeravitaP (C) 5584 3 Bioglass® (D) A/W glass-ceramic
(E) HA (F) KGX Ceravitala’, and (G) A1,O3-Si3N4 . Adapted from 2.

According to Hench'®, the formation of an HCA layer on bioactive glasses occurs in five stages
(See Figure 2.2a). Briefly, the first reactions are the ion exchange between the alkali in the glass
and water (stage I). This is followed by the rupture of the Si—O—Si bonds in the silica network
(stage II), forming silanols that condensate and repolymerize to form a hydrated silica gel on the
glass surface (stage III). This silica gel layer facilitates the formation an amorphous calcium
phosphate layer through ion exchange between the glass and the media (stage IV), which then

incorporates carbonate species that crystallize into HCA (stage V).

1 “The process whereby a bioactive surface is colonized by osteogenic stem cells free in the defect environment as a
result of surgical intervention.” (*°, p.495)
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Figure 2.2 (a) Illustration of five stages of hydroxycarbonate apatite (HCA) formation on the surface of a bioactive
glass in contact with body fluids (b) Schematic showing the adhesion of cells to the HCA layer formed on the glass
surface, which leads to new bone formation. Adapted from /.

To form a direct bond with bone, the timing of stages IV and V must align with the natural
biomineralization process that occurs in vivo. Although the biological events preceding bone
bonding are still being elucidated, it is known that extracellular proteins, primarily fibronectin,
attract macrophages, mesenchymal stem cells, and osteoprogenitor cells*’. Subsequently,

osteoprogenitor cells proliferate and differentiate into osteoblasts, which initiate the synthesis and
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deposition of the organic matrix**. This organic matrix then undergoes a gradual mineralization

process guided by osteoblastic cells, as illustrated in Figure 2.2b.

Generally, bioactive glasses can be synthesized using two methods: the melt-quenching route or
the sol-gel route. The traditional melting method involves melting the precursors of the glass
oxides inside a platinum/graphite crucible and then quenching either into graphite molds in order
to obtain bulk pieces (rods or monoliths) or into water to obtain a frit*2°. The sol-gel is a wet
chemistry process that involves creating a sol by mixing the metal-alkoxides in a solution that then
undergoes hydrolysis, condensation and gelation. To obtain the glass material, the gel is aged,
dried, stabilized and finally heat treated at low temperatures (600-700°C)*>*’. Sol-gel glasses
intrinsically have high level of porosity (in mesoporous range) and surface area, while melt-
derived bioactive glasses are usually in the form of highly dense monoliths; resulting in higher
solubility and bioactivity of sol-gel—derived glasses?®. Moreover, sol-gel method offers advantages
such as the possibility to simplify the glass formulation (Na2O is no longer needed to lower the
melting temperature), a broader range of bioactivity, and a better control of bioactivity by changing
processing parameters. However, it is almost impossible to obtain crack-free glass monoliths (if
diameter >1 cm) by sol-gel synthesis due to the large shrinkage that occurs during drying and

evaporation of the liquid by-products of the condensation reaction?>-%°,

The compositional range for bonding of bioactive glasses and glass-ceramics to bone in ternary
diagram of Na2O—CaO-Si0: (with constant 6 wt% P20s) is illustrated in Figure 2.3. It can be seen
that bioactivity is extremely sensitive to the glass composition. The most bioactive glasses belong
to the middle (region S) of the Na2O—-CaO-SiO2 diagram (with 45S5 being the optimum)'?. The
original melt-derived 45S5 glass has poor workability and usually devitrifies into a crystalline
phase (Na20.2Ca0.3Si0z) prior to densification?®. This instability is due to its limited viscous flow
ability above Tg and narrow sintering window. As a result, a sintered Bioglass® scaffold is actually
a glass-ceramic or ceramic scaffold which would adversely affect its bioactivity. In order to
maintain the bioactivity of 45S5 glasses, sintering can be done at relatively low temperatures to
supress or reduce crystallization. However, sufficient densification will not occur at low

temperatures and the obtained scaffolds would be fragile and loosely packed®. Lots of research

1 A frit is composed by small chunks of glass, that are cracked due to residual stresses that are generated by thermal
shock, and it is very useful in the production of glass powders, since it can be easily milled 2*
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and effort have been done to optimize and/or create glass compositions with higher levels of bone-
bonding activity, controlled dissolution properties, improved mechanical properties and better
workability. By modifying 45S5 composition within the ternary system of Na2O-CaO- SiO2, other
glass compositions with different properties such as wider sintering window have been achieved.
However, this is usually at the expense of bioactivity. 13-93 glass for example (with higher SiO2
content and additional network modifiers, such as K2O and MgO), has more facile viscous flow
behavior and less tendency to crystallize’®3!. While 13-93 bioactive glass has been shown to be
as effective as 45S5 in supporting the proliferation and function of osteoblastic cells in vitro®, it
may degrade more slowly (and have lower bioactivity) than 45S5 glass. Hench also introduced
sol-gel silicate-based bioactive glasses with exceptionally fast apatite-forming ability in spite of
their high silica content (from 60 to 90 mol%), owing to their ultrahigh specific surface area (well
above 10m%/g vs. less than 0.5m?*/g for melt-derived glasses)*®. However, sol-gel glasses may

degrade too rapidly for certain applications where the bone will take a long time to regenerate.

Si02 A = Bone bonding

B = Non-bonding (reactivity too low)
C = Non-bonding (reactivity too high)
S = Soft tissue bonding

E = 45S5 Bioglass composition

CaO ey am——— Na,O
6 Wt% P,0,
Figure 2.3 Compositional dependence (in wt.%) of bone bonding and soft tissue bonding of bioactive glasses

(including 45S5 composition) and glass-ceramics. Adapted from*’.

Silicate glasses based on the SiO: network are not the only bioactive glasses; certain

34-36 37,38

compositions in other systems such as borate and phosphate glasses have been also found
to be bioactive. Phosphate glasses are based on the P2Os glass-forming network with CaO and
Na20 as modifiers. The dissolution rate in these glasses can be varied from a few hours to months

by incorporating metal oxides such as Fe203, Al203, ZnO, and TiOz into the structure®®. Phosphate-
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based glasses can be prepared at relatively low temperatures and can be easily drawn into fibers*.
Borate and borosilicate glasses can convert more quickly to HA compared with traditional silicate
glasses due to their higher reactivity and lower chemical durability*!, and they can reach complete
conversion into HA in less than 200h*?. The complete degradation rate and bioactive properties of
these glasses can be controlled within a wide range of time periods by replacing SiO2 with B20s.
However, this change causes them to experience rapid decrease in strength with immersion in

SBF*2.

In conclusion, bioactive glasses, particularly 45S5 Bioglass®, are excellent candidates for bone
tissue engineering due to their unique combination of properties. Their ability to form a stable
hydroxycarbonate apatite layer on the surface is crucial for direct bone bonding. They not only
bond directly to bone, enhancing stability and integration, but also induce osteogenic
differentiation and enhance osteoblast adhesion, growth, and proliferation, and bone formation.
Moreover, bioactive glasses such as 45S5 are antibacterial due to the local increase in aqueous pH
value during their dissolution*. Surgical-site infections (SSI) cause severe complications in
orthopaedic and dental surgeries and increase health care costs through extending hospital stays
and doubling rehospitalisation rates***>. These features, along with the continuous advancements
in optimizing bioactive glass compositions, make 45S5 an ideal material for developing effective
and reliable bone scaffolds, offering promising solutions for bone repair and regeneration in

clinical applications.
2.1.2. State-of-the-art

Despite the significant clinical potential of bioactive glasses, especially 45S5, their success is
hindered by issues related to monolith bioactivity and osseoincorporation. To overcome these
challenges, bone tissue scaffolds have been created using bioactive glasses. Generally, fabrication
of bioactive glass-based scaffolds can be categorized into two main groups: conventional methods
and additive manufacturing techniques (also referred to as RP! or SFF)?>4647 The first group of
methods involves using a sacrificial template that act as a pore former to create a structure with
desired shape and porosity. The second group involves layer-by-layer or piece-by-piece deposition

starting from a computer-aided design (CAD) or a computed tomography (CT) model. It is

i Rapid Prototyping
ii Solid Free-form Fabrication
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important to notice that almost all the typical methods used for glass-based scaffold fabrication
involve a final consolidation step (high-temperature sintering). This high temperature step is a
crucial issue since it has a negative impact on bioactivity. To date, no single fabrication method
currently fulfills all the required design criteria for bone scaffolds. Here, we briefly go over some
of the most common methods used to make bioactive glass scaffolds and their main benefits and

drawbacks:
Conventional methods
1) Sol-Gel Processing

The sol—gel method involves creating a sol with a surfactant, leading to foaming, followed by
condensation and gelation. The gel is aged to increase strength, dried to remove by-products,

and sintered to form porous, three-dimensional scaffolds*4%4%-5°,

e Pore Structure: Results in hierarchical pore structures with interconnected macropores
(10-500 pm) from the foaming process and mesopores (2—50 nm) inherent to the sol-gel

process.
e Advantages:

o High surface area (100-200 m?/g), facilitating faster degradation and conversion to

hydroxyapatite (HA) compared to melt-derived glass scaffolds.

o Mimics the hierarchical structure of natural tissues, which is beneficial for cell

response and simulating a physiological environment.
o Disadvantages:

o Low mechanical strength (0.3-2.3 MPa), limiting use to low-load applications .

2) Thermal Bonding of Particles or Fibers

Thermal bonding or consolidation involves thermally bonding a loose packing of bioactive

glass particles or fibers in a mold. A porogen (such as NaCl, starch, or organic polymer particles)

may be mixed to increase porosity and pore size, which is removed prior to sintering’! 4.

e Pore Structure: Pore size and structure depends on porogen loading
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e Advantages:

o Ease of fabrication without the need for complex machinery.
o Disadvantages:

o Poor pore interconnectivity at low porogen loading, limiting its effectiveness
3) Polymer Foam Replication

In polymer foam replication a natural or synthetic foam template (e.g., coral, polyurethane) is

coated with a bioactive glass suspension. The coated foam is dried, and the polymer template is

burned out, followed by sintering of the glass>>’.

e Pore Structure: Results in scaffolds with open and interconnected porosity similar to

trabecular bone.
e Advantages:
o Produces highly porous scaffolds with porosity ranging from 40% to 95%.
o Disadvantages:

o Low mechanical strength, making it suitable only for low-load applications

4) Freeze Casting of Suspensions

In Freeze casting method, a suspension of bioactive glass particles is rapidly frozen in a mold.

The frozen solvent is sublimated, and the scaffold is sintered to enhance mechanical strength3%-60,

e Pore Structure: Can produce oriented microstructures with directional porosity, offering

higher strength in the orientation direction.
e Advantages:

o High mechanical strength in the orientation direction, suitable for load-bearing

applications.
o Capable of supporting cell proliferation and differentiation.
o Disadvantages:

o Requires precise control over freezing conditions.
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o Lamellar microstructures may have pore widths (10—40 pm) too small for effective

tissue ingrowth
Rapid prototyping

Techniques such as 3D printing, ink-jet printing, fused deposition modeling, selective laser
sintering and robocasting falls within this category®! 4. Scaffolds are built layer by layer from a
CAD file, without relying on traditional tools like dies or molds. This technique allows for the
creation of scaffolds with structures that precisely follow a pre-designed architecture modeled on

a computer.

e Pore Structure: Allows for precise control and optimization of internal architecture for

specific mechanical and biological needs.
e Advantages:
o High control over scaffold design.
o Customizable for specific applications, including load-bearing sites.
o Disadvantages:
o High equipment costs.
o Requires imaging and computer design for each patient

It worths mentioning that a surgeon’s list of criteria does not always match that of an engineer.
Surgeons would prefer a porous material that can either be pressed or injected into a bone defect,
such that it then expands to fill the defect. An ideal scaffold material would not be bound by the
need for typical ceramic processing techniques, nor would it require additional imaging or
manufacturing infrastructure (like SFF techniques). Bioactive glass fulfills many of the
requirements of an ideal scaffolding material; exploring new processing routes for making
scaffolds of bioactive glasses may present an avenue to overcome the aforementioned
shortcomings, i.e., brittleness and the challenges associated with manufacturing a customizable 3D
porous structure. Setting in-situ using a binder does not require any thermal treatment. While this
process may result in a lower strength, it allows the scaffold to be fully customized to a unique
bone defect. “The goal is not to replace bone, but instead to provide a structurally stable scaffold

that does not migrate from the site, and one that induces and supports osteogenesis” (ref®, p.13).
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2.2. A Review of sodium silicate solutions: structure, gelation, and syneresis

2.2.1. Abstract

Sodium silicate solutions, also known as waterglass, have been found to have remarkable utility
in a variety of applications. The cumulative weight of evidence from 70 years of varied analysis
indicates that silicate solutions consist of a wide range of species, from monomers through
oligomers, up to colloids. Moreover, the structure and distribution of these species are greatly
dependent upon many parameters, such as solute concentrations, silica to alkali ratio, pH, and
temperature. The most interesting and characteristic property of silicate solutions is their ability to
form silica gels. Overall, despite extensive research using different spectroscopic and scattering
techniques, many questions related to sodium silicate's dynamic structure, stability,
polymerization, and gelation remain difficult to answer. The multitude of simultaneous reactions
which restructure the silicate species at the atomic scale in response to variation in solution and
environmental parameters, makes it difficult to investigate the individual events using only
experimental data. Molecular modelling provides an alternative way to study the unknown areas
in the aqueous silicate and silica gel systems, generating key insights into the chemical reactions
at microscopic length scales. However, sufficient sampling remains a challenge for the practical
use of molecular simulation for these systems. Based on both experimental and modelling studies,
this review provides a detailed discussion over the structure and speciation of sodium silicate
solutions, their gelation mechanism and kinetics, and the syneresis phenomenon. The goal is not
only to review the current level of understanding of sodium silicate solutions, silica gels and
characterization techniques suitable for studying them, but also to identify the gaps in the literature
and open up opportunities for advancing knowledge about these complex systems. We believe that
the future direction of research should be toward correlating atomistic, molecular, and meso-scale
level details of interactions and reactions in silicate solution and establishing a fundamental
understanding of its gelation mechanism and kinetics. We believe that this knowledge could
eliminate the “trial and error” approach in manufacturing, and improve structural control in the

synthesis of important materials derived from these solutions, such as silica gels and zeolites.
2.2.2. Introduction

Knowledge of sodium silicate solution, also known as waterglass, dates back to at least the

period of the early Roman Empire. Pliny the Elder (Gaius Plinium Secundus, AD 23/24-79) told
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the story of Phoenician mariners who accidentally melted sand and soda preparing a meal, resulting
in a substance described as “a strange translucent liquid [that] flowed forth in streams” (Figure
2.4)%7. Throughout the 17th and 18th centuries, many alchemists and scholars documented soluble
silicates, including Goethe, the poet®®’’. However, these solutions were not of industrial
importance until the pioneering work of Johann Nepomuk von Fuchs 7!, to whom we owe the name

"waterglass"”?.

Figure 2.4 Pliny's story of Phoenician mariners, preparing their meal on the seashore using blocks of nitre (aka:
sodium/potassium nitrate) to hold their cauldrons. After the fire burnt for the whole night, in combination with the

sands of the beach, they observed transparent streams of a liquid hitherto unknown flowing from the hearth. The

product, sodium silicate, readily becomes a liquid, i.e.,* water glass”. From 73

Since the work of von Fuchs, sodium silicate has become one of the most widely used industrial
chemicals, with a global market size valued at US$ 7.5 billion in 202274, Waterglass applications
continue to grow in both traditional areas and ever-increasing numbers of novel areas, such as
detergents, adhesives, sealants, water treatments, cements, deflocculants, protective coatings,
catalysts, buffers, paper industries, zeolites, and geopolymers. Moreover, sodium silicate solutions
are the main source for production of silica gels, which are commercially used as absorbents,
thickeners, and carriers. The great success and multi-functionality of waterglass is due to many
factors including its relative low cost, abundance, alkalinity, buffering ability, emulsification,

nontoxicity, and viscosity regulating ability.
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Although sodium silicate solutions are widely being used, scientists are still investigating
questions regarding their chemistry. Sodium silicate solutions are complex mixtures of water,
anionic silicate species, and sodium cations, in dynamic equilibrium. For many years, the precise
nature of silicate species present in waterglass had been a matter of speculation rather than proof,
with some saying that “it sounds foolish to study this element””®. Dent Glasser’® once called these
silicate anions "Cinderella anions" because their chemistry was so intractable that they had little
appeal to classical inorganic chemists. Using such a metaphor is suitable, as the structure and

attributes of these species were unknown, and they received very little attention.

Of course, the development of characterization techniques over time provided a clearer picture
of the chemistry of these solutions. The first direct evidence of the structure of silicate anions in
alkaline solution was provided by Lentz’’ in 1964, who pioneered the technique of
Trimethylsilylation and challenged the prevailing view of the time that silicate species are entirely
monomeric in such solutions. The first Raman spectroscopy analysis of aqueous silicates’® proved
another prior theory to be incorrect, indicating that silicon is actually coordinated with four oxygen
atoms in silicate ions, not six”**°. Later, many distinct silicate species beyond the monomer and
dimer were identified by 2°Si Nuclear Magnetic Resonance (NMR) spectroscopy *'*°. To date
more than fifty silicate structures have been identified in these solutions. The transition of sodium
silicate solution to silica gel has also been of interest in the literature over the past decades’®-8¢:57,

investigations which have mainly contributed to developing a physicochemical understanding.

Despite years of experimentation with different techniques, many studies still describe the
chemistry, stability, and factors governing speciation of sodium silicates as “not fully
understood”®¥2. Moreover, insights into the underlying principles and molecular chemical aspects
of silica gel formation are still limited; as Wijnen et al.”® point out: “preparation of silica (gels) has
more or less become an art rather than a science based on fundamental knowledge of the
preparation conditions.” A detailed understanding of waterglass speciation, properties, and
gelation mechanism and kinetics are prerequisites for optimizing performance in current and future
advanced applications. The first step to bridging the knowledge gap is identifying it. It is still
unclear in which areas the information is insufficient or incomplete, and why. Moreover, it is
important to understand the value and limitations of the methods that can be effectively employed

to characterize these systems, in order to identify the methodological gaps and overcome them.
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There are a number of books that comprehensively cover the subject of soluble silicates’®*+%,

Knight and Kinrade®’ have also provided a thorough history of the evolved techniques for chemical
analysis of waterglass. However, to the best of our knowledge, there is no updated review paper
focused on sodium silicate solutions. This review aims to provide an up-to-date overview of on
the chemistry, dynamic speciation, and gelation of sodium silicate solutions, and covers both
modelling and experimental research. First, we start from aqueous sodium silicates production
methods and compositions. Second, we outline an understanding of waterglass as a complex
dynamic solution by discussing its speciation and factors governing it. Then, we address the
waterglass gelation mechanism, kinetics, and syneresis process, followed by molecular modelling
studies on sodium silicate solutions and gels. Finally, we summarize the findings so far, the
knowledge gaps, and the future scope. We hope that this review will shed light on the knowns and

unknowns regarding these complex and complicated solutions.
2.2.3. Composition

Sodium silicate solutions can be produced over a wide range of compositions, and are
distinguished by the ratio of silica to alkali (with the general formula of (Na20)x.(Si02)y.(H20)-
(x,y,z = molar ratio)). The SiO2:Na2O ratio can be given in the molar form, Ry = N0, /Mya,0, O
the equivalent weight form, Ry, = mg;0, /Myq,0, Where ni is amount of constituent i in moles, and
m; is the mass of constituent 7 in grams. The SiO2 concentration and SiO2:Na2O ratio are the two
main factors that govern the physical and chemical properties of these solutions and varying them

results in solutions suitable for diverse applications.

Figure 2.5 shows the ternary Na20-Si02-H20 phase diagram subdivided into eleven areas
which roughly correspond to the types of products used in this system. The zone corresponding to
waterglass in the Na20O-SiO2-H20 three component phase diagram is the red area (area 9). The
boundaries of the waterglass area are fixed by two curves representing the limits of viscosity (top
and bottom lines), and another two curves representing the limits of stability (right line for colloid
materials and left line for crystallized materials, respectively). Based on this diagram, when
Rwm<1.6, fully or partially crystalline alkaline silicates are formed, and when Rv>3.75, all the
silicates transfer to colloid particles and form alkaline gels or unstable liquids. When the water

content is too high, the obtained solutions are too dilute; and when the water content is too low,
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the solution is too viscous to be pumped, or solids are formed. Therefore, the molar Si02:Na2O
ratio of commercial sodium silicate solutions varies between 1.6 and 3.75, and their silica
concentration is in the range of 25-35 wt.%. The gray areas represent other commercial products
in this system, which are used in a wide range of applications including refractory cements,
construction, coatings, personal care, and food and beverage processing. Compositions in the white

areas are not commercially produced but might be of scientific interest.
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Figure 2.5 The isothermal ternary phase diagram of the SiO,-Na,O-H,O system illustrating various regions with
different properties, based on weight fractions of components. Some of these regions correspond to materials that are
used in practical applications, while others are less commonly employed. Sodium silicate solutions are typically
commercially produced in region 9 (red region). The two dashed lines represent the limits for the molar SiO,:Na,O
ratio, which define the area where aqueous sodium silicate solutions can exist. Other regions are as follows: (1)
anhydrous sodium orthosilicate and mixtures with NaOH; (2) crystalline alkaline silicates; (3) uneconomical partially
crystallized mixtures; (4) glasses; (5) uneconomical hydrated glasses; (6) dehydrated liquids; (7) uneconomical semi-
solids; (8) economical viscous liquids; (9) typical commercial liquids; (10) dilute liquids; (11) unstable liquids and
gels. Re-drawn from”. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Waterglass can be produced via two main methods. In the conventional route, sodium silicate
glasses are used as raw materials to produce waterglass (Figure 2.6a). For this purpose, glasses
with >20 mol% sodium (which have poor resistance to water attack) and molar SiO2:Na2O ratios
equivalent to the desired solution are dissolved at elevated temperatures in water. NaOH is

sometimes added to the solution afterwards to adjust the Si02:Na:O ratio to lower values.
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However, for a given ratio and concentration, the adjusted silicate solution might have different
species as compared with the one manufactured directly [24]. This method has the disadvantage

of generating CO2 from the decomposition of Na2COs as well as the fuel used to reach high

temp eratures.
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Figure 2.6 Process flow of sodium silicate solution production by (a) conventional method and (b) hydrothermal
method. The range of Si0,:Na,O molar ratio obtained by each process is shown. In hydrothermal method, aqueous
silicate solution of high SiO,:Na,O molar ratios (Rm values of >2.8) can only be achieved by using reactive silicon
dioxide sources (such as amorphous silica, diatomite, or cristobalite).

The hydrothermal dissolution of the raw materials of silica is the second standard method for
waterglass production (Figure 2.6b). The hydrothermal process involves dissolving a reactive
silica source—mainly quartz sand—in sodium hydroxide solution. The molar Si02:Na2O ratio that
can be achieved with this method is restricted by thermodynamics, as the concentration of SiO2 in
the liquid phase approaches saturation. If quartz sand is used as silica source, the Rwm is limited to
2.89%. Higher Rm and dissolution rates can be obtained if raw materials with higher reactivities,
such as cristobalite or vitreous silica, are substituted for quartz. For example, Pfeiffer et al.””
obtained RM values of 3.4 by using common opal as a silica source. Although this method requires

less energy and creates less CO2 output compared with the conventional method, the energy

requirement is still high. Attempts to find alternative methods with reduced CO: footprint and
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better sustainability are mainly focused on producing silicate solutions from by-products such as

102,103

rice husk ash!%®'%! condensed silica fume , and waste glass cullet'**10,

2.2.4. Chemical structure

Whether in the form of amorphous solids, crystalline solids, or aqueous solutions, silicates are
complex systems. Silicates are based on tetrahedral unit groups of (SiO4)*, which tend to bond
together at the corners through the sharing of one oxygen atom (bridging oxygen (BO)), forming
networks such as chains, rings, sheets, and three-dimensional networks. In sodium silicate glass
networks, sodium ions modify the network by breaking up the Si—O—Si bonds and producing a
terminal non-bridging oxygen (NBO) (Figure 2.7a). But the main question here is, what does the
structure of sodium silicate solution look like? Only by answering this question, it may be
illustrated how the properties of these solutions change with modifications in composition and

processing, and their behavior in different environments may be predicted.
2.2.4.1. Silicate species

During the past five decades, much experimental work has been performed to specify silicate
species in aqueous solutions (Summarized in Table 2.1). Among various characterization
techniques, 2°Si NMR spectroscopy has been the most useful method to identify different silicate
species in waterglass, as it can obtain in situ information on the connectivity of silicon atoms in

106.197 jptroduced "Q-units” for describing the silicate structural units,

the solution. Engelhardt et al.
which then became a standard for describing *Si spectra. Five main classes of NMR signals have
been identified and labeled Q", where Q represents a fourfold coordinated silicon atom and n
indicates the number of neighboring silicon atoms linked through an oxygen atom (Figure 2.7b).
Thus, Q° denotes a monomeric silicate tetrahedral while Q* is assigned to a silicon atom bound to

four other silicon atoms
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Figure 2.7 (a) Schematic representing two silicate tetrahedra connecting by sharing a bridging oxygen (BO) and a
sodium ion compensating a charge near a non-bridging oxygen (NBO) (b) Schematic showing different silicate
structural units labeled as Q", where Q represents a fourfold coordinated silicon atom and n indicates the number of
neighboring silicon atoms linked through a bonding oxygen atom. (c) Silicate structures identified in aqueous silicate
solutions by #’Si NMR, proposed by Knight et al.%, including those identified by Harris and Knight5*%’ (gray
background). Balls and sticks represent silicon atoms and oxygen bridges between silicon atoms, respectively, with
NBO omitted. Three proposed oligomers (6B, 6C, and 7A in%/) have been excluded from this schematic due to the
finding by Knight et al. that such structures' various isomeric forms were unable to be resolved as definitive, re-drawn

from?*.

30



Table 2.2.1 A summary of studies investigating different silicate species in alkali silicate solutions.

Characterization  SiO2:M:0 Cation [SiO2]

techniques (Rm, molar) M) (molar) Year Findings Ref
39a: : . . pre 1o
1D 2°Si NMR unknown Na* unknown 1973 ur‘}Sl{[ SNMR can differentiate between various types of silicate structural
. . . . . g
1D 2°Si NMR 0.5-50 Na* 3666 1974 Increasing solution purity and external magnetic field strength results in
better resolved NMR spectra.
107
1D ¥Si NMR unknown unknown  unknown 1974  Introduced Qi units for describing the silicate structural units.
109
1D Si NMR 2 Na* %(;1 ’00615’ 1980  Monomeric silicate ions present at low concentrations.
110
1D 2°Si NMR 0.5 K* 0.65 1981  Evidence for the structures of eleven silicate species.
75
1D 2°Si NMR 0.5 K* 0.65 1982  Definite evidence for the structures of twelve silicate species.
83
1D Si NMR 1 K* 3 1983  Definite evidence for the structures of six silicate species.
85
1D Si NMR 1 K* 3 1983  Evidence for the structures of twelve silicate species.
11
1D ¥Si NMR 1-3 Na* 1-3 1986  Evidence for nineteen silicate structures containing up to twelve Si atoms.
112
1D ¥Si NMR 1-3.3 Na* 2.1-9.3 1986  Speciation distribution diagrams in solutions with different Ry and [Si].
e Silicate polymerization is favored by low temperature, low alkalinity, 13
. Na', K* and high [Si].
1D ¥Si NMR 0.5 L 0.1-1.8 1988 . . . . .
! Rb* o Larger M" atoms preferentially stabilize the highly polymerized silicate
anions.
1D #Si NMR >0.5 Na'-Cs* 0.9,3 1992  The level of condensation decreases systematically from M=Na to M=Cs. 14
1D #Si NMR 2-4 Na* >5 1993 Q4 species may indicate the formation of colloidal particles. 13
29 . . .. . 116
1D 2°Si NMR and . . .S.1 NMR is very sensitive to changes of the structural surroundings of
FTIR 2,4 Na", K 4 1996 silicon.
e FTIR gives information on hydrogen bonding.
29Q: 117
1D S;jI?IIII\{AR and 0.2-3.3 Na* 0.4-6 1997  FTIR can show changes in anion distribution much faster than NMR.
1D ?°Si NMR and 23 Li*, Na*, L5 1999 The type of cation affects the fraction of the species but does not 18
SAXS ) K* ) appreciably change their structure.
119
2D ¥Si NMR 0.5 K* 14 1984  More confident assignments consistent with earlier results.
29Q; 120
2D %\%ﬁg Si 0.5 K* 1.5 1988  Evidence for the structures of twenty-two silicate species.
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121

2D ¥Si NMR unknown Na* unknown 2006  Evidence for nine novel solution state silicate oligomers.
2D ¥Si NMR 3.4 Na* 3.32 2006  Presented five novel silicate cage structures. 122
2D ?°Si NMR 0.5 K* 1 2007  Identified forty-eight different silicate structures (45 definite). 5
1- and 2D 29Si N Concentrated solutions could include silicate cages containing Q?, Q* and 123
NMR and SAXS 0.85 Na 1.76-7 2010 Q* groups.
Raman unknown Na* 2.5 1956  Siis coordinated to four oxygen in the monomeric silicate species. 78
o : . . ; ; 4
Raman unknown Na* 0.003 1985 Silicate solutions at low concentrations contain polymeric species as well
as monomers.
. T e : 5
Raman 0.1-1 Na* | 1985 Gradpal change in the polymerization degree of silicate species as a
function of Si/Na.
e Raman is adequate to measure the concentration of dissolved silicates. 126
Raman 3.22 Na* 0.2-3 2007 e Dilution of silicate solution reduces the polymerization degree of silicate
species.
. Increasing the [Si] will polymerize the system, but increasing P, T, or the 127
Raman 1.25-2 K 0.05-5 2011 K,0/Si0; ratio will depolymerize the system.
e . . 8
Raman 113 Na* unknown 2014 The sﬂu;gte speciation is much more strongly controlled by fluid
composition than by temperature and pressure.
Raman 0.1-0.8 Na*, K* unknown 2017  The nature of the alkali cation affects the silicate species. 12
IR 0.5-100 Na* 2.5 1973 As the Ry increased, monomers and dimers change to high-Mw polymers. 130
FTIR and Raman 0.5-3.3 Na* 6,1 1999  Trends in vibrational closely follow the trends observed by **Si NMR. 131
- ; ; . 32
FTIR 4-100 Na“K* 33 2006 FTIR can be useq to determine the alkali content and particle sizes of
alkali silica solutions.
Li* Na* FTIR is not reliable for estimating the ratios of Q' connectivities. Raman 133
FTIR and Raman 2.5-5 i(+ ’ 0.2-3 2008  on the other hand, is a useful for studying the structure of silicates both in
aqueous and solid phase.
. . oqe . . . 134
FTIR 135 Na* 16-8.8 2010 FTIR can be used to determine the ratio of silicate solutions with a relative
error of better than 1%.
FTIR and Raman 1.6-3.22 Na* 0.2-3 2010  The Raman spectra of dissolved silicates are better resolved than FTIR. ol
* NMR data revealed high depolymerization of the silicate entities for as 133
20Q; :
Si NMR, FTIR 07-3.4 Nat, K* 0.6-6.4 2016 Si/M decreased.

and Raman

e Presence of M O bonds and oligomers for Si/M <1 in Raman spectra
FTIR could be used to measure [Si].
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Early works depended primarily on 1D 2Si NMR methods. However, because *Si is a “rare
spin” (with natural abundance of 4.7%), no *Si—*°Si coupling was visible and only a single signal
for each chemically distinct site was given. Moreover, 1D ?°Si NMR spectra consisted of a series
of closely spaced and overlapping signals and only a few species were identified in solutions with
natural isotope distributions’’. A common way to improve the resolution of that method was to
introduce dilute alkaline silicate solutions or solutions enriched with the isotope *’Si to high
magnetic fields. By such means, Harris and Knight®3®* identified 16 distinct oligomers beyond the
monomer and dimer with up to 8 Silicon atoms with a high degree of certainty (Figure 2.7c, gray
area). Despite their success in discovering the dominant oligomers, there were still many features

in the 2°Si NMR spectra of silicate solutions that could not be assigned to any of the known species.

In 2D NMR techniques, the problem of overlapping spectra lines is solved by putting chemical-
shift and coupling information into two different frequency dimensions. The improved dispersion
and additional insights provided by the 2D spectra enabled researchers to identify several new

119-121,136

oligomers and cage structures'*>!?*, However, the silicate structures which were detected

contained only a small number of chemically inequivalent silicon sites, and were proposed with

1.8 obtained 2°Si Correlation Spectroscopy (COSY)

varying degrees of confidence. Knight et a
NMR spectra of an isotopically enriched potassium silicate solution at the highest possible external
magnetic field (17.6 T). They identified 48 different structures (including those of Harris and
Knight3*%%), providing the most complete picture of silicate speciation to date (Figure 2.7c). Still,
these structures accounted for only 85% of the silicon in the solution, leaving hundreds of weak
signals indicating unassigned, minor structures. The authors concluded that, even at such high
magnetic field, NMR spectral overlap and sensitivity still limits structural determination.
Moreover, their proposed structures did not include some of the species tentatively claimed in
earlier NMR studies, such as species 1-4 in reference ! and species 15 and 16 in reference!?’.
Although the 2°Si NMR signal assignments are still incomplete, frequently speculative, and contain
some conflicting experimental results, these studies have formed most of our current view of
possible silicate structures present in aqueous solutions. It should be noted that, in some of the

studies, including the references®* and'?

, it is the chemical structure of potassium silicate solution
being investigated. Although it has been proven that the type of alkaline ion affects the fraction of
the species, it does not appreciably change their structure!!8. Therefore, one cation may favor an

individual silicate anion structure over others (the larger cations preferentially stabilize the more
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highly polymerized silicate anions!!#), but there are no specific species that are unique to a given

cation.

While high resolution 2?Si NMR spectroscopy has shown the most promise in investigating the
chemical structure of silicate solutions, it is important to bear in mind that it requires sophisticated
laboratory equipment and personnel, is expensive and slow, needs sample preparation (dilution
and »Si enrichment), and that the spectrum assignments can be conflicting. Therefore, a relatively
simple, inexpensive, and non-invasive analytical technique that allows quick structural
comparisons in realistic conditions would be highly desirable. Infrared (IR) and Raman
spectroscopy can fulfill these requirements and are also robust enough for in situ silicate analysis,

both in aqueous and solid phases.

As mentioned earlier, the first Raman analysis of aqueous silicates’® revealed that Silicon is
coordinated to four Oxygen in the monomeric silicate species. These findings were later confirmed
by Freund'®’, who monitored the protonation of monomeric SiO4* as a function of pH. Later

Raman studies'**!33

showed that silicate solutions at low concentrations contain polymeric species
and not just monomeric species. Dutta and Sheih!'?® observed a gradual change in polymerization
degree of silicate species to lower orders (depolymerization) with increase in alkali metal ions.
Bass et al.'*! found that the trends observed in Raman spectra of silicate solutions with different
concentrations and alkalinity closely follow the trends observed by ??Si NMR. They also found the
band locations to be consistent with results reported for crystalline silicates and silicate glasses.
Halasz et al.!** demonstrated that Raman spectroscopy can distinguish the structural differences
(i.e., the Q" connectivity ratios of [SiO4] tetrahedra and the dominating siloxane ring structures)
between the silicate species of solutions with different alkaline ions, alkaline/silicon ratio, and
concentration. In another study, Halasz et al'*’ suggested that contrary to contemporary
assessment, dissociation of Na" ions could affect the IR and Raman spectra of dissolved sodium

metasilicate monomers. Vidal et al.'?®

used Raman spectroscopy to evaluate the reactivity of
silicate solutions by determining variations of ring and chain size, which was found to be highly
dependent on the cation type, preparation method, and Silicon to alkali ratio. Raman spectroscopy
also proved adequate to measure the concentration of dissolved silicates, as a good linear

correlation between the absolute intensity of the Raman band and the silicate concentration was
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found'?%!'?7, The most recent Raman studies are mainly focused on in situ investigation of reactions

140,141

involving sodium silicate solutions, such as geopolymers and silica gel formation'*?,

Like Raman, the first IR spectroscopy studies could only distinguish between monomer and a
generic polymer species''®!3%138 n the late 1990s, Bass and Turner'!” could assign a number of
IR band components to different silicate structure types by correlating IR spectra with 29Si NMR
data for a wide range of solution compositions. Later, methods were developed to quantitatively
measure the concentration and molar ratio of sodium silicate solutions by FTIR!3%!134135 For

example, Osswald and Fehr!??

used FTIR to determine the alkali content and particle sizes of alkali
silica solutions. They found that the size of primary silicate particles in solution is correlated with
the IR peak intensity of the band between 1070 and 1020 cm™!, assigned to vibration modes of
Si0O2 on the particles’ surface. They suggested that as the particle size is correlated with the alkali
content of the solution, the peak intensity could also be used for determination of the alkali content.

FTIR have also been used for following the evolution of different silicate species as a function of

pH and silica concentration'®.

Both FTIR and Raman spectra can be used to determine both the solution concentration and
Rwm, and can reflect the changes in distribution of silicate species. However, the Si—O vibration
related Raman spectra of silicates are reported to be better resolved than the corresponding IR
spectra’’. Raman can also characterize the O-Si~O bending vibrations of various siloxane ring
systems at <400 cm™!, which are not accessible for the commonly used mid-IR spectrometers!?®.
Moreover, Raman spectroscopy requires little to no sample preparation and is ideal for in situ
studies, while the FTIR method has constraints on sample thickness, uniformity, and dilution.
Lastly, water is a weak Raman scatterer and, consequently, the technique is ideally suited to
probing processes under aqueous conditions. O" the other hand, fluorescence could be problematic
with Raman as it can mask its signal, which would not be an issue with FTIR. It is noteworthy that
neither of these techniques can directly quantify different silicate species as NMR does. For

1 133

instance, Halasz et a concluded that FTIR is not reliable for estimating the ratios of Q!

connectivities in aqueous alkaline silicate solutions, with the exception of Q°.
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3.1.1 Silicate species distribution

The complex speciation of silicate solution is governed by two sets of equilibria'**, defining

which silicate anions will be present in the solution:
1. The acid-base equilibria:
= Si-OH + H,0 & =Si-0~ + H;0% (2.1)
2. The polymerization-depolymerization equilibria:
= Si—OH + OH-Si & = Si—0-Si = + H,0 (2.2)
or
=Si-OH+ =Si-0" & =Si-0-Si =+ OH™ (2.3)

What makes these systems even more complicated is that their equilibrium distribution is
dependent on many factors, such as the solution concentration, SiO2:Na2O ratio, pH, and
temperature. A slight variation of each of these chemical parameters may induce drastic changes
on the connectivity of silicon atoms and the resulting distribution of silicate species in the solution.
Generally, it can be stated that the degree of polymerization increases as Si concentration and/or
Rwm is increased, as pH is decreased, or as temperature is decreased (Figure 2.8a). In the following

sections, the effect of each parameter is described in detail.
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Figure 2.8 (a) Schematic showing the effect of different parameters on the degree of connectivity of silicate species
and their distribution in solution (b) Distribution of different silicate species in sodium silicate solutions as a function
of Ry, obtained by NMR spectroscopy. Solid lines are re-drawn from!4’, p. 8905. Dashed lines are re-drawn from!!5,
p. 744 (QO is reported to be <2 %) (c) The integral values of the NMR spectral peaks corresponding to Q°—Q* silica
species as a function of pH value of sodium silicate solution, re-drawn from'“®. (d) Distribution of different silicate

species in sodium silicate solutions as a function of temperature obtained by NMR spectroscopy, re-drawn from'!?,
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Effect of composition

Several studies have been done to quantify the changes in the silicate species distribution
according to concentration and alkalinity in sodium silicate solutions!!!:!'2115:117 * Ajthough these
studies were involved different ranges of SiO2 concentrations and ratios of Si02:Na2O, a general

trend in the distribution of structural units can be observed:

1. As the silica concentration or SiO2:Na2O in the solution increases, so too does the
extent and range of polymerization at any given pH. As shown in Figure 2.8b, at
very alkaline solutions, the species are mainly monomer, dimer, and trimer.

2. As solutions become more concentrated and siliceous, the complexity and quantity
of silicate species increases, polymerizing to more complex structures (i.e., the
fractions of Si atoms in Q® and Q* environments increase at the expense of Q°, Q!
and Q? units as Rw increases).

3. AtRwm>1.5, polymerization leads to silicate species containing Q* branching groups
and, at higher ratio silicates with Rm>3.5, cage-like species with three-dimensional
cross-linked Q* Si environments and surface Q? units are observed.

4. According to Harris et al.!'>, Q* units have only been certainly detected in highly
concentrated (38 wt% SiO2,) or aged silicate solutions and are considered an
indication of the formation of colloidal silica particles (discussed in section 3.2).

Models have been proposed to predict the speciation in alkaline silicate solutions over a wide

compositional range, which are in good agreement with the experimental results'!>!4,

Effect of pH

The same pattern of change in the distribution of silicate ions can be seen as a function of pH
in the basic range: a decrease in Q°, Q' and Q? species and the opposite for Q* and Q* species with
decrease in pH (Figure 2.8c). Generally, as the pH is reduced, silicate species condensate to higher-
order oligomers and larger particles. With a further decrease in pH (~10), the gelation process is
initiated in the solution. Conversely, increasing the pH causes Si-O-Si bonds to break, which leads
to depolymerization of silicate species to form smaller, more reactive, and more ionic species.
Tognonvi et al.’ studied the effect of increasing the pH on sodium silicate solution speciation by

IR spectroscopy. They observed a decrease in Q* and Q* contributions to the benefit of Q? with
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increase in pH value, meaning there was an increase in the Q*/Q*+Q* intensity ratio. Furthermore,
an increase in the intensity of the Si-O-(Na") band was observed. These results suggest that the
increase in the pH value of the sodium silicate solution favors the breaking of Si-O-Si bonds to

form anionic Si-O” which can be associated with Na+ cations to form ionic Si-O-Na bonds.
Effect of temperature

It has been established that temperature influences the silica solubility and polymerization

147 Steele-MaclInnis and Schmidt!'?® used Raman spectroscopy to study the

reaction rate
dependence of silicate connectivity upon temperature and pressure—up to 600°C and 2GPa—in
sodium silicate solutions. Their results showed that increasing temperature would depolymerize

the system. The same effect was observed by Hunt et al.'?’

, who studied potassium silicate
solutions at 25-200°C and pressures up to 2GPa (Figure 2.8d). The observed depolymerization
trend with temperature increase aligns with NMR studies at comparable temperatures (-5 to +144
°C) by Kinrade and Swaddle!"®, who also showed that silicate polymerization is favored by low
temperature, meaning the condensation equilibria shift in favor of the monomer, and species of
low molar mass as the temperature is increased. Since these studies were performed at near-
isochoric conditions, a part of depolymerization could be explained by the thermal pressure
applied, but it does not account for all of it. Such temperature-driven depolymerization implies the
increase of the OH /H20 ratio in the solution with increasing temperature, as previously described

by Nowak and Behrens'*

. Hydroxide ions can break the Si—O-Si bonds by nucleophilic attack,
leading to depolymerization of silicate species of high connectivity. It is worth mentioning that the
silicate speciation is controlled much more strongly by solution composition than by

temperature'2S.

2.2.4.2. Colloid particles

Sodium silicate solutions consist of silicate species with different degrees of connectivity, as
denoted by Q°-Q* However, some NMR studies''*!!? reported that no peaks were detected in the
Q4 region. In fact, the Q* units were only detectable at highly concentrated solutions with Rm
above 2, where there seems to be a structural change in the sodium silicate solutions, indicated by
the formation of “colloidal silica”'*. Colloidal particles are in range of 1-1000 nm in size, which

are sufficiently small not to be affected by gravitational forces but sufficiently large to show
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marked deviations from the properties of true solutions. These colloids have a fully polymerized
(Q%) dense core, and a surface covered by silanol groups (Q?). As the silica concentration and/or
Rwm increases, the silicate particles aggregate, and large particles grow at the expense of monomers,
dimers, and smaller particles. Above a Rm of 3.75-4 (silica solubility limit), the solutions produced
are unstable. Nordstrom et al."*° showed that in the instability region colloidal particles continue
to grow until they are no longer stable and undergo aggregation/agglomeration into fractal

structures—thus, the system gels.

The sizes of colloidal particles in sodium silicate solution have been investigated using various
methods. Some older studies such as Iler'!, and Dietzel and Usdowski'>, found only evidence of
small particles of 1-2 nm in diameter. However, their employed methods, which included strong
dilution/filtration and chemical extraction, may have inadvertently eliminated the larger
aggregates. The application of light scattering techniques allowed the investigation of solutions
without affecting their structure. Early investigations, such as Nauman and Debye!>?, applied static
light scattering to determine the molecular weights of particles present in sodium silicate solutions
by measuring the turbidity of filtered solutions. The obtained values for average molecular weight
ranged from 60 to 400 g/mol, which increased as the Rwm increased from 0.5-3.75. Due to the fact
that they could not directly measure the particle size, though, their method was more suitable for

molecules in diluted solutions than for colloids in concentrated sols.

Investigations by dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS)
confirmed the colloidal particles as the major component of concentrated alkaline silicate
solutions. For example, Roggendorf et al.!'® observed a maximum particle diameter of 30 nm in
solutions with an Rm value of 2, and a slightly larger maximum size of 35 nm in solutions with an
Rum value of 3.3. Béschel et al.!>* found three size classes of colloidal particles in concentrated
sodium silicate solutions (Rwms of 2.2, 3.3, and 3.9) by DLS, with respective colloid diameters of
0.8-1.2 nm, 5-26 nm, and 150—170 nm, existing in parallel in the solutions. They described the
bigger particles as random packing of primary colloids or secondary aggregates. Tognonvi et al.!?
applied SAXS to investigate the size distributions of the silicate species present in concentrated
sodium silicate solutions ([Si]=7 mol/l, Rm=3.4). The analysis of SAXS results led them to

conclude that these solutions contain colloids of about 0.6—0.8 nm diameter which can also be

more or less gathered together through weak bonds to form aggregates slightly larger than 2 nm.
40



The discrepancies between investigations on the colloid size of sodium silicate solutions obtained
by SAXS and DLS are difficult to elucidate, as neither method disturbs the solution. Nordstrom et
al.’*° performed both SAXS and DLS measurements to study the size and structure of particles
present in silicate solutions ([Si] = 2.1 mol/l, Rm = 3.3,3.8). There was an overall agreement
between the SAXS and DLS measurements that the solutions contain two fractions of objects, and
the diameter obtained for smaller objects are similar (0.6-0.9 nm). The calculated average particle
size of the larger particles, however, did not correspond well between the two methods, with the
diameter calculated by DLS being almost five times larger than the diameter determined from
SAXS (300 vs. 60 nm). This difference could be due to the fact that both DLS and SAXS
measurements can be affected by aggregation/agglomeration, but the effects can differ due to the
different physical principles behind the two techniques. DLS is prone to overestimating the particle
size if particles aggregate. SAXS on the other hand, is prone to underestimating the particle size if

aggregation occurs.

Although it is widely accepted that colloidal particles exist in sodium silicate solutions,
uncertainties about their size range continue to exist, and the effect of various parameters, such as
concentration, Rm, and temperature on colloid size is not yet known. Furthermore, the specific
minimum of [Si] or Rm, above which the colloidal particles are formed is still unclear. Perhaps, a
comprehensive study on the size of colloidal particles in sodium silicate solutions, over a full range
of concentrations and Rm values, using both DLS and SAXS, and combined with a complementary

direct visualization method (such as SEM/TEM) could shed more light on these areas.
2.2.4.3. Sodium ions

The preceding sections were concerned with different silicate species in sodium silicate
solutions, and the evolution of the distributions of these species in response to various chemical
parameters. The question arises: what is the role of sodium ions and where are they located in the
structure with respect to silicates? In a silicate glass network, sodium ions act as glass modifiers
by breaking part of the Si-O bonds, reducing the connectivity of silicates, and compensating a
charge near a NBO. NBOs are also present in silicate species in the solution state. The monomeric
silica can be considered as silicic acid (H4Si04) and can release a few hydrogen ions in the solution.
Silicic acid can also polymerize and form silicate oligomers. Sodium ions can ionize the weak

hydrogen ions of silicate oligomers, leaving —O~ groups behind, forming NBOs. The repulsion
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between the charged/deprotonated silicate particles is the key for maintaining the solution stability,
as it prevents coagulation. Since both sodium cations and deprotonated silica oligomers are present
in the solution, formation of sodium-silicate complexes, or ion pairs, are possible. Many studies
have detected bands assigned to symmetric and asymmetric vibrational modes of (Na)O—Si—O(Na)

and (H)O-Si-O(Na) in IR and Raman spectra of sodium silicate solutions®!:!12126.132.139

As mentioned previously, the system responds to changes in alkali content, by increasing or
decreasing the level of silica polymerization inversely with the alkali level (Figure 2.8a). When
the alkali content decreases, the system responds by reducing the surface area of silica and the
number of Si-OH (silanol) units on the surface. This reduction in surface area is achieved by
forming silicate species with a higher degree of polymerization, allowing for the accommodation
of the reduced sodium content and minimizing the formation of charged sites. In other words,
polymerization of the silicate species producing larger particles, with a lower total surface area,
affords the system a way to maintain a surface charge density sufficient to avoid
coagulation/gelation. Conversely, a larger amount of sodium favors species of lower degree of
polymerization. Pavlova et al.'>* found that the presence of sodium could contribute to an increase
in reaction barriers for silica oligomerization. They assigned this finding to the rearrangement of

the hydrogen bond network of water solution around the reactants.

Dupuis et al.!¢

combined experimental and molecular modelling approaches to study the roles
of sodium (Na*), hydroxide (OH"), and water on the stability of silicate chains. They showed that
the silica clusters depolymerize in the presence of sodium hydroxide. However, they concluded
that the role of Na" in the depolymerization is minimal and it is the effect of pH, or OH™, which is
important due to the ability of these groups to directly dissociate a Si—~O—Si bond. Overall, studies
indicate the existence of strong interactions between sodium ions and deprotonated silicate species
as well as hydroxide ions, which produce the differences in measured interactions associated with
pH. The hydroxide ions are also responsible for the differences in the distribution of species
observed at a constant molar ratio and varying sodium ion content.

Sodium ions can also be present as solvate species (i.e., free Na*) in solutions. Halasz et al.

produced a series of studies®!26:133

measuring the dissociation level of dissolved silicate species
and sodium ions using electrical conductivity and ion selective electrode measurements. Their

results suggested that the level of Na* ion dissociation in silicate solutions is a strong function of
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silica concentration, and a weak function of Na/Si ratio. For example, in commercial silicate
solutions with an Rwm value of 3.22 and a concentration of 3 mol SiO2/L, approximately 30% of the
total sodium ions were found to be free (unbound). Upon dilution to a concentration of 0.2 mol
S102/L, the percentage of free sodium ions increased to around 50%. These results are in agreement
with findings in Dupuis et al.!>®, according to which the protonation state of silicate particles is

modified by dilution in pure water.

Now, we can complete our picture of the “structure of sodium silicate solutions”. Figure 2.9
represents a schematic of this structure containing sodium ions, silicate species and colloidal silica.
It should be noted that each specific sodium silicate solution has its own equilibrium distribution
of silicate species at a given silica concentration, Rm, pH, and temperature. The structure, number,

and charge of silicate species vary to accommodate the variations in different parameters.

Na*.
Si o
i OH
o
o0 - @
° °
° °
° Y o
; ° o
@
@ & A
° °
@ -
o ®
e |
° e
=
° .—C_‘.

Figure 2.9 A schematic illustration showing a possible scenario for different silicate species and sodium ions present
in a single drop of sodium silicate solution. The gray sphere represents a colloidal particle which may form in

concentrated solutions.

2.2.5. Gelation

It is well known that waterglass can undergo a gelation reaction to form a semi-solid state,
known as “silica gel”. Silica gels are a class of amorphous silicas which are formed as a result of

an ion exchange of Na* for H', followed by lowering the pH of the sodium silicate solution. The
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result is a three-dimensional network of silica polymers that encloses the liquid phase. Here we
review a widely accepted theory of silica gelation, gelation kinetics and factors affecting it, as well

as the syneresis phenomenon—the removal of water from the polymeric silica network.
2.2.5.1. Gelation mechanism and silica gel structure

Prior to 1979, most researchers improperly applied the organic polymers gelation theory to
soluble silicates, and believed that silica gel formation involved cross-linking of pre-existing linear
polymers. Carman'>’ was the first to propose that silicic acid polymerizes to discrete particles
which then aggregate into chains and networks. However, this idea was not generally accepted
until the publication of the book, The Chemistry of Silica by Iler, in which he clearly stated “there
is no relation or analogy between silicic acid polymerized in aqueous silicate solution and

condensation type organic polymers””’

, p-172. Instead, aqueous silica gels consist of discrete
colloidal particles which are linked together into branched chains to form extensive networks

throughout the liquid medium.

Iler” provided a theory for silica polymerization based primarily on the electrostatic forces
between the silicic acid monomers. According to this theory, polymerization occurs in essentially

three stages:

1. the polymerization of Si(OH)4 monomers to oligomers and then to particles;
2. the growth of particles; and
3. particle aggregation into branched chains and networks that eventually give

rise to a gel structure extending throughout the liquid medium.

Stages 2 and 3 depend on the pH and salt concentration. In Iler's theory, the term "salt" refers
to the presence of cations and anions in the aqueous system, including substances that introduce
ions such as sodium (Na"), potassium (K*), or other similar species into the system. Two distinct
situations—sol and gel—can arise depending on the interparticle interactions, governed by surface
properties and the nature of the aqueous medium (Figure 2.10). The 3D particles formed at stage
1 can grow further by Ostwald ripening, where larger particles grow at the expense of smaller
particles being dissolved. In the absence of salts, and at a pH of 7-10, the silicate particles are
negatively charged and repel each other, meaning growth continues without aggregation (path A).

As a result, a stable colloidal suspension of silicate particles (sol) of some size will form.
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Figure 2.10 Schematic showing the generally accepted growth pathways of silica polymerization from silicic acid
over time, according to Iler 7%, p. 174. In basic solution particles grow in size and decrease in numbers and form sols
(path A). In acidic solution or in the presence of flocculating salts, particles aggregate into three-dimensional gel
network (path B). Re-drawn from 7

If pH is lowered, or salt is present, the charge repulsion is reduced, and particles can come close
enough to aggregate and form gel (path B). One should note that the Iler’s theory is a general
theory of nucleation and polymerization in water-silica systems of only monomeric species. While
applying this theory to the gelation of sodium silicate solutions, the characteristics specific to this
solution should be taken into account. Sodium silicate solutions consist of complex spatial
configurations with different silicon environments on the surface (Q°-Q%), making for complex
interactions between particles. This complexity is indicative of the reality that the gelation

mechanism of sodium silicates is significantly more complicated than pure silicic acid sol.

The findings from 2°Si NMR studies of sodium and potassium silicate solutions largely support
Iler’s view: Silicate species condense internally to the most compact state with maximum number
of Si-O-Si bonds and minimum number of terminal Si-OH groups remaining on the outside.
Eventually, this condensation will lead to the formation of particles of nearly spherical shape, likely
due to a tendency to decrease the surface area in order to minimize the interfacial energy. Contrary
to the Iler’s theory, however, the gelation process of sodium silicate solutions does not start with
only monomeric species. A broad spectrum of structurally different silicate species, including

oligomers and even colloidal particles exist in the solution in addition to the monomers. Still, stage
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1 would happen in these solutions as the decreasing pH of a waterglass solution favors
condensation over hydrolysis and, therefore, silicate species of lower degree of connectivity can

further polymerize and form particles (Figure 2.11a).
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Figure 2.11 (a) The stages of gelation in sodium silicate solutions over time: formation of silicate particles (stage 1),
and growth of particles through Ostwald ripening and formation of aggregates which happen simultaneously (stages
2&3). (b) TEM micrographs of silica gels prepared by acidifying sodium silicate solution with HsPO4 (left) and
H2S04 (right) — reprinted with permission from’® (c) Representation of silica deposition on individual particle (upper)
and the aggregate necking (lower) during Ostwald ripening, re-drawn from’*’.

According to Iler, if salt is present, such as when sodium silicate is neutralized with acid, silicate
particles tend to aggregate into 3D gel networks (path B). Decreasing the pH of waterglass
increases the Si-OH/Si-O ratio and, therefore, the reactivity. The so-called primary silica particles,
which are either initially present in waterglass or made during stage 1, may form inter-particle
bonds via reactions between reactive SiOH surface groups (Equations (2.2) & (2.3)). These
connected particles form aggregates that exhibit mobility and move collectively to form larger
aggregates (Figure 2.11a). Interactions are not restricted to the formation of particle-particle or
particle-aggregate bonds. Interactions between aggregates are also possible, which ultimately
result in a 3D gel network that entraps solvent. The formation of these silicate aggregates and their

continuous growth during sodium silicate gelation have been reported in SAXS studies®*!60-163,
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Moreover, the finite size of fractal silica aggregates observed in silica gels indicate the presence
of elongated, intermingled structures, suggesting that the growth process of silica aggregates must
be anisotropic. This anisotropic growth is also evidenced by direct observation: Figure 2.11b shows
a TEM micrograph of a silica gel obtained from sodium silicate solution. The silica gel structure
can be described as a continuous, percolating network of elongated branches. The directions of
bonds formed during aggregations seem highly variable, which is due to both the random
distribution of reactive groups on the particles’ surface and the large range of Si-O-Si bond angles

that can vary between 90°-150°.

Although path A in Figure 2.10 is not the case for waterglass—due to the presence of sodium
ions—the question becomes whether Ostwald ripening (stage 2) contributes to the growth of
primary particles in silicate solutions before, or simultaneously, with aggregation. Generally,
distinguishing between the two particle growth mechanisms (i.e., Ostwald ripening vs.

1.1%0 claimed

aggregation) is challenging, and less attention has been given to this area. Gerber et a
to observe an Ostwald ripening of the primary particles during waterglass gelation but did not
provide any evidence for it. Bak.dyga et al.!** were able to distinguish the stages of waterglass
gelation, including Ostwald ripening and aggregation, by investigating the rates of variation of
particle number, particle volume, and dissolved silica concentration. They interpreted an
exponential decrease of the number of particles as a characteristic of aggregation and decrease in
concentration of dissolved silica as a characteristic of Ostwald ripening. Their results suggested
that Ostwald ripening may happen simultaneously with aggregation, increasing the sphericity of
aggregates. Therefore, one can assume that stages 2 and 3 happen simultaneously during
waterglass gelation, as shown in Figure 2.11a. Since both individual and agglomerated particles
are present in the solution, silica would deposit on larger individual particles, as well as the
agglomerates necking, due to the negative radius of curvature'> (Figure 2.11c). It is expected that
Ostwald ripening would contribute little to the growth of primary particles when the aggregation

rate is fast.
2.2.5.2. Gelation time

The methods used to measure silica gelation time can be divided into qualitative and

quantitative categories. In qualitative methods, the amount of time it takes for the solution to stop

87,165,166 7

flowing upon tilting or inversion'®’ is reported as the gelation time. Semi-quantitative
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methods, using predefined codes to describe the sodium silicate gelation process, have also been
proposed®. Although these methods are fast, simple, and inexpensive, they depend on the
observer’s judgment, as well as the gel size and shape, and rely on an imprecise definition of
gelation. Quantitative methods, on the other hand, are more sensitive and rely on rheological
measurements. The classic quantitative method uses an infinite shear viscosity criterion, in which
the gel point is defined as the inflection point where the static shear viscosity deviates from
linearity and begins to rise sharply!®®!%°. In this method, the transition state is defined by
extrapolation, which may be a source of error. Moreover, continuous shearing may affect the gel
formation. Another quantitative approach is to study the viscoelastic behavior by dynamic
oscillatory shear measurements, also known as dynamic mechanical analysis (DMA). In DMA,
the storage and loss modulus of the sample can be calculated from the shear stress that is necessary
to obtain a given deformation. The storage or elastic modulus G’ represents the elastic portion of
the viscoelastic behavior, which describes the solid-state behavior of the sample. The loss or
viscous modulus G”, characterizes the viscous portion of the viscoelastic behavior, which can be
regarded as the liquid-state behavior of the sample. The ratio of viscous-to-elastic (loss-to-storage)
moduli reflects the viscous-to-elastic components, commonly named loss tangent (Equation (2.4)),

where 9 is the phase angle:
- G”
tand =" /., (2.4)

As the gel network develops, the behavior of the sample becomes more and more elastic. The
point at which the elastic modulus G’ exceeds the viscous modulus G” (G”’=G’ or tan 6=1),
meaning the elastic counteraction of the deformation starts to get stronger than the viscous
contribution, can be regarded as the gel point. The G’- G~ cross-over-point method has been used
to define silica gelation point!’*'72, Hatzignatiou et al.'”' compared the conventional tube
inversion and G’- G” cross-over-point methods to measure the gel time in silica gels obtained from
waterglass. The results from the two methods were generally in agreement, with the gelation time
obtained from the dynamic oscillatory tests being shorter than the tube-testing results. This result
is expected, due to the fact that a sol-gel transition time obtained from the G’- G crossover point
represents the point at which the elastic contribution outweighs the viscous one, which always
occurs prior to the formation of a completely rigid gel. One disadvantage to this approach is that

the exact time of crossover depends on the oscillation frequency. To overcome the issue, the
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intersection of the G’ and G” moduli as a function of time at different frequencies can be used to
define the gel point. In other words, the gel point is defined as the point at which the value of tan

d becomes frequency independent. According to Katoueizadeh et al.”?

, who performed rheological
measurements at different frequencies on gels formed by mixing waterglass and sulfuric acid, the
frequency-independent method is the most accurate way to define the gel point. Despite its
accuracy, however, this method is time intensive and requires many measurements at different

frequencies.

The gelation time of sodium silicate solution can range from a few seconds to several hours. To
control the gelation time, one should consider the factors controlling silicate polymerization and
aggregation. These factors are pH, SiO2/Na20O molar ratio, solution concentration or dilution rate,
presence of salts, and temperature. The following section addresses the influence of each factor on

gelation time in sodium silicate solutions.
Effect of pH

The pH of a solution is a key parameter in gelation. Two different charge-catalysis reactions
govern the silica gelation process below and above the isoelectric point of silica in water, where
pH is approximately equal to 2. Below this point, the polymerization rate is proportional to [H']
and the system has a net positive charge. According to the mechanism proposed by Okkerse!”?, an
equilibrium condition between the excess H™ ions and the silanol groups is established, which
results in a temporarily positively charged species (Equation (2.5)). These species attract the
remaining silanol groups and form siloxane bridges (Equation (2.6)). The additional proton is later
removed by either a water molecule or another silanol group'’*!7>. Above the isoelectric point, the
polymerization rate is proportional to [OH-] and the system has a net negative charge. The OH"
ion deprotonates a neutral silicate species (Equation (2.7)) and the deprotonated silicate anion

subsequently condenses by reacting with silanol groups according to Equation (2.8). The produced

OH’ ions are abstracted by H" ions to maintain the required pH.

= Si—OH + H* - = Si—OH} (2.5)
= Si—OHJ + OH-Si = & = Si—-OH™Si + H,0 (2.6)
= Si—-OH 4+ OH™ - = Si-0~ + H,0 2.7)
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= Si—0~ 4+ OH-Si = = Si—0-Si = + OH" (2.8)

Figure 2.12 represents schematically the effect of pH on the stability/gelation time of silica-
water systems. As can be seen, there are two pH regions of rapid gelation, one in the strongly acidic
region below the isoelectric point and one in the neutral-to-slightly-alkaline region. The decrease
of the gel formation time for pH<2, and from pH 2-7, can be explained through the two types of
condensation reactions which are catalyzed by H" and OH" groups, respectively. The increase in
gel time above pH = 7 is due to an increase in the silica solubility and because the silicate species
are appreciably ionized so that particle growth can occur without aggregation. For example, in a
solution with 0.1 M Si, the amount of charged silicate anions shifts from approximately 50% at a
pH of 8 to almost 100% silicate anions at a pH of 10.8'%’. Above pH = 11, no aggregation or
gelation occur, because particles are mutually repulsive. Researchers have studied the effect of pH
on gelation time of sodium silicate solutions for more than seven decades®’-%161.166.168.174.176-178
Overall, the results follow the trend proposed by Iler’®, which suggests a minimum gelation time
around pH 7 and a maximum gelation time around PH 2. It should be noted that the exact pH at

which gelation time is at a minimum varies depending on the silica concentration, Rm, and the type

of acid used.
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Figure 2.12 Schematic showing the effect of pH on the stability (gel time) of the colloidal silica—water system. Thick
solid lines represent experimental results. Shaded areas are approximate zones corresponding to behavior predicted
by the DLVO theory, some in contrast with experimental results: minimum stability predicted at pH around 2-3,
increasing stability predicted at pH between 3 and 6—8, and maximum stability predicted at pH higher than 8. (Re-
drawn from 7, p. 367).

According to the DLVO theory, the total interaction between two colloidal particles
approaching each other, due to Brownian motion, is the combination of van der Waals attraction
and electrostatic repulsion forces that exist between them. Therefore, to maintain the stability of
the colloidal system, the repulsive forces must be dominant. However, the maximum colloidal
stability of silica solutions is, surprisingly, found at their isoelectric point (pH = 2), where the net
charge is zero. Therefore, although silicate solutions are composed of colloid particles, DLVO
theory can not predict their stability®>!7!80, Figure 2.12 illustrates the problem, comparing the
stability—pH curve of silica sols from experimental results and zones predicted by DLVO theory.
The minimum stability predicted by DLVO is at the isoelectric point, because the silicate species
are uncharged. In addition, DLVO theory predicts a gradual rise to maximum stability from pH 2
to 6, which is completely in contrast with experimental results. Although DLVO is still generally
acceptable, it fails to capture essential behaviors of the silicate solutions and remains largely

unresolved for silica-water systems (for more details the reader is referred to Chapter 3 in).
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Therefore, the pH-dependence stability of silica sols does not follow the pattern followed by almost
all other oxides and latex colloidal materials, giving another example of how the chemistry of

silicate solutions can be extraordinarily complex and complicated.
Effect of temperature

Generally, since aggregation involves a kinetic phenomenon, the rate of gelling is expected to
increase with temperature due to increase in Brownian motion, and higher mobility of the
molecules which promotes the aggregation of polymeric clusters. Additionally, silicate species
tend to depolymerize with increase in temperature (recall Figure 2.8), which has a dual effect: on
one hand, the smaller particles exhibit greater mobility and can readily form new aggregates; while
on the other hand, the formation of aggregates from smaller particles requires the establishment of
more connections compared to larger particles. Although a strong acceleration of gelation with
rising temperature has been observed for the acid-catalyzed gels'’?, the situation for base-catalyzed
gels is less clear. The effect of temperature on gelation time of sodium silicate solutions has been
reported to be less pronounced in range of 20-40°C compared to higher temperatures reaching up
to 90°C3%168.172.17% 'For most chemical reactions, the temperature dependency of reaction rates
follows the Arrhenius equation. Although the relation of gelation time of waterglass with the
inverse temperature shows a linear relationship above 40°C, and is in good agreement with
Arrhenius equation, temperature dependency becomes more complicated below this temperature

(Figure 2.13a).
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Figure 2.13 (a) Gelation time (tg) as a function of reciprocal absolute temperature for 4.5 wt% and 5 wt% Na-silicate
solutions with different pH values. The solid line corresponds to the Arrhenius equation with Ea = 70 kJ/mol. Re-
drawn from’%. (b) Gelation time (tg) of sodium silicate solutions as a function of silicon concentration at different pH
values. Re-drawn from ¥, (c) Gelation time (tg) of silicate solutions as a function of different salts concentrations. Re-
drawn from’®/,

This peculiar behavior has been attributed to a reduction in the activation energy of
polymerization. The average activation energy of silica polymerization reported in the literature
ranges between 55-77 kJ/mol®-168:170:.182 " According to Bishop and Bear!'®?, the activation energy
drops to a negative value of ~ -67 kJ/mol in the 25-35°C temperature range, meaning that the rate
of reaction decreases with the increase of temperature in this region. They suggest that the drop in
activation energy in this range implies a pre-equilibrium step in the polymerization that acts as an
induction period. This step involves the formation of a hydrogen-bonded intermediate between

two silicate particles, which would allow them to be held in proximity and eventually form a
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siloxane bridge. Above this temperature range, the reaction may occur without the hydrogen
bonding mechanism and siloxane bridges are formed by simple collision. This theory, however,
has been neither proven, nor further studied. Other factors that may play a role are the effect of
temperature on the size of silicate colloids and their surface charge. Generally, the available data
on the effect of temperature on gelation time is limited, and more studies are needed to

comprehensively address the sodium silicate solution gelation behavior at different temperatures.

Although the temperature affects the gelation rate, it should be noted that variations in pH have
a much stronger affect on gelation time. For example, Kristensen et al. !”® showed that the gelation
time of a 6 wt% silicate solution will be reduced by a factor of 10 when changing the pH from
11.40 to 11.15, while an increase in temperature by ~10°C will only reduce the gelation time by a

factor of 2.5.
Effects of silica and metal ion concentrations

For a specific pH and temperature, gelation is accelerated with the increase of sodium silicate
content in water. This tendency is primarily due to the increase in the silica content of the solution.
As can be seen in Figure 2.13b, the gel time greatly decreases with an increase in silica
concentration at a given solution’s molar ratio and pH. Increasing the silica concentration increases
the concentration of reactive species in the solution, such as silanol groups, which can promote
polymerization. Moreover, more silica particles are present at higher silica concentrations, which

can act as nucleation sites for the polymerization reaction.

Additionally, the accompanying cation content reduces the gelation time by permitting closer
proximity among the particles. This reduction in gelation time can be explained by the charge
screening effect of the cations, and the electric double layer theory (see®®!33 for more details). In
the solution, both surface charge determining ions and counter ions always exist. Although charge
neutrality is maintained in a system, the concentration of counter ions is the highest near the solid
surface and decreases as the distance from the surface increases, whereas the concentration of
surface charge determining ions changes in the opposite manner. Such inhomogeneous
distributions of ions lead to the formation of the so called “double layer.” The properties of the
double layer greatly influence the gel formation. When two charged silicate particles are present

in the vicinity of one another, attractive (van der Waals) and repulsive (electrostatic) forces will
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act on them, the sum of which can be seen as a (total) potential energy. For two particles to come
near to one another and condense, they need to overcome the potential barrier. A way to reduce
this potential energy barrier is adding an electrolyte (e.g., Na") to the solution, which decreases the
thickness of the electrical double layer and permits the particles to be physically closer to one
another. The addition of salt increases the ionic strength of the solution, I, which is a measure of

the concentration of ions in that solution:
1
I'=2Xicz (2.9)

Where ci is the molar concentration of ion i, and zi is the charge number of that ion. The

Debye length Ap is a measure of the thickness of the electrical double layer, which is proportional

_ ErXEgXkpXT
Ap = \’ 2Xxe2XN 4 X1 (2.10)

Here, ¢ and ¢ represent the relative and vacuum permittivity, respectively, ks is the Boltzmann

to the reciprocal of the ionic strength:

constant, 7'is the absolute temperature, e is the elemental charge, N4 is the Avogadro constant, and
1 is the ionic strength. With the addition of salts to a solution, the ionic strength increases, and the
Debye length decreases. Therefore, the electrical double layer surrounding each particle is
compressed, resulting in a reduced range of electrostatic forces. As a direct consequence, the
addition of salt could facilitate particle aggregation by reducing the repulsive interacting forces.
This effect becomes more pronounced as either the concentration or the valance of the salt

Increases.

Raising the ionic strength by adding salts to silicate solutions has led to a decrease in gelation
time!%%17%172 Salts can also be used to induce gelation by destabilising the silicate particles, even

without introducing acids®*®!¢”-133_ Van Der Linden et al.'®!

measured gel times for silica sols with
five different monovalent salts and found the gel time to decrease over four orders of magnitude
while changing the type of cation at constant salt concentrations (Figure 2.13c). The interaction of
monovalent ions with silica particles followed the Li'<Na'<K'<Rb'<Cs" order, with Li" and Cs"
ions resulting in the longest and shortest gelation times, respectively. By extrapolation, they

expected the gel time to go up to two years in the absent of salts. However, this contradicts Iler’s

55



theory, according to which gel time increases to infinity as the salt concentration goes to zero (see

Figure 2.10).

Divalent cations were shown to have a stronger effect on the gelation time compared to
monovalent cations. Hatami et al.!3* showed that, individually, increased concentrations of Na™,
K*, Ca®*, and Mg*" reduce gelation time in silicate solutions of fixed silica and HCI acid
concentrations. Divalent ions resulted in faster gelation, and immediate gelation was induced when
the concentration of Ca**ions reached above 0.011 M. Moreover, it was shown that the gelation
process at the same concentration of Ca" is significantly faster when Na™ is present. Hamouda and

8 investigated the effects of adding various concentrations of Ca** and Mg?" on the gelation

Amiri'¢
time of sodium silicate solutions, and found that the addition of these ions reduced the gelation
time from 50 h to less than 10 min. According to Quarch and Kind'”?, sodium silicate solutions are
much more sensitive to the addition of salts in the alkaline region compared to the acidic region.
The ionic strength of I = 12 mol/l was calculated for the acid-catalysed gel (pH = 0-1), which is
large compared to that of the base-catalysed gel (pH = 12-13) which is I =0.8 mol/l. Therefore, the
addition of even small amounts of salt to basic mixtures strongly influence the ionic strength and,
consequently, the gelation time. Based on these results and the double layer theory, it is expected
that at a fixed silica concentration, sodium silicate solutions of higher Si02:Na2O ratios will gel
more slowly compared to ones with lower SiO2:Na20 ratios, due to a lower concentration of

sodium ions. To the best of our knowledge, there is no data available comparing gelation time of

waterglass within different ranges of Rwm.
2.2.6. Syneresis

After the gel is formed, polymerization continues. The continued condensation between and
within the silicate particles results in the expulsion of liquid from the gel pores. As a consequence,
the gel network consolidates and shrinks, and its volume, porosity, and internal surface area will
change over time. This rather slow process is known as “syneresis”. Figure 2.14a is a schematic
representation of the process of silica gel syneresis. For the sake of simplicity, the pore liquid is
represented by blue (H20), although it is a mixture of water, sodium ions, dissociated acid ions,
and silicate oligomers. After gelation, as shown in Figure 2.14b, some silicate particles are still
held together by hydrogen bonds through water molecules (Figure 2.14 (b.1)), or connected by

direct hydrogen bonds (Figure 2.14 (b.i1)). During syneresis, the silanol groups at the surface of
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primary particles continue to react by forming siloxane bridges, which release water as a by-
product (Figure 2.14 (b.iii), Equations (2.7) and (2.8)). The new siloxane bond pulls the particles
closer together, contracting the gel network. This dimensional change, and the additional water
formed, develop a pressure differential between the gel network and its environment, leading to
the expulsion of the pore liquid. Over time, the gel becomes less flexible due to a higher number
of stiffening siloxane bonds, followed by the depletion of the reactive groups, all leading the

process to slow down (Figure 2.14 ¢). Ultimately, syneresis is ended due to the remaining repulsive

forces and steric hindrance'®.
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Figure 2.14 (a) Schematic showing the restructuring of the silica gel network during the syneresis process, which
results in shrinkage and water expulsion. (b) Primary silicate particles held together by hydrogen bonds through water
molecules (i) or by direct hydrogen bonds (ii). During syneresis, the silanol groups at the surface of primary particles
form new siloxane bridges, which release water as a by-product (iii). (c) Silica gel shrinkage as a function of time at

different temperatures. Re-drawn from'86
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The proposed mechanism for syneresis is supported by many studies. during gelation and
syneresis by FTIR spectroscopy. They specifically followed the bands corresponding to bending
of water molecules (8H20) and asymmetric stretching of the Si—O—Si bond (vasSi—O—Si) at 1640
cm ! and 1250-970 cm™!, respectively. They found that the vasSi—O—Si/SH20 intensity ratio
continues to increase after gelation and finally stabilizes, suggesting the development of Si-O-Si
bonds during syneresis. Moreover, they noticed that new bands were formed at 550 and 772 cm™!
after gelation, which are attributed to O-Si-O bending and symmetric stretching vibrations. These
observations suggest an increase of bonds between silicate species along with the release of a H2O
molecule. According to SAXS studies, the size of silicate aggregates continues to increase over

time after the gelation point”>!%7.

Since the syneresis process is driven by the same condensation reactions as gelation, it is
controlled by the same factors upon which gelation depends. According to Scherer'®?, the kinetics
of syneresis depend on the condensation rate, the mobility of the gel network, and the rate of fluid
flow through the contracting network. According to Vysotskii and Strazhesko!'®’, the slowest
shrinkage happens at pHiso, where the condensation rate is at a minimum, and increases as the pH
is either raised (pH = 5) or lowered (pH = 0.3). Hamouda and Amiri'®®, on the other hand, reported
an increase in silica gel shrinkage rate when pH was lowered from 10.5 to 10.1. These results could
suggest a pattern similar to Figure 2.12 for syneresis rate vs. pH, meaning there is a minimum
shrinkage rate at pHiso and a maximum shrinkage rate somewhere between pH 5 and 10.
Nonetheless, to complete the picture and achieve greater understanding of the effect of pH on the

syneresis rate, a comprehensive study over all pH ranges is required.

The low permeability of silica gels also causes the syneresis rate to depend on the size of the
gel body. According to Wilhelm and Kind'®®, smaller samples consolidate much faster compared
to the larger ones, clearly showing the dependency between the syneresis rate and physical
specimen size. This observation might be due to the difference in the pressure of the pores, or to
the length through which the pore liquid must flow. Additionally, the syneresis rate is reported to
increase with temperature!®®186, This effect is shown in Figure 2.14c¢ for silica gels made at pH =
10, and is expected since the temperature increases the polymerization rate, facilitates the
movement of the pore liquid, and results in a reversal in the osmotic pressure difference which

promotes liquid expulsion from the pores. It has also been shown that the syneresis rate and total
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shrinkage increase with concentration of silica in the solution '3, In conclusion, the rate at which
syneresis occurs and the total shrinkage of the gel is greatly influenced by the choice of

composition, pH, temperature, and specimen size for any solution.
2.2.7. Molecular modelling studies

Molecular modelling can help scientists to unravel the mechanisms of molecular-level events,
and predict the behavior of complex systems at a level of detail that cannot be directly measured
in experiments. Water-silica systems and the mechanism of silicate-based reactions have been
subjects of intensive computational research during the last three decades'*'°® . Figure 2.15 shows
various techniques used to simulate molecular interactions in silicate systems and the length- and
timescales they can currently sample. The approaches used in molecular modelling cover a broad
range of scales from subatomic quantum mechanical (QM) through atomic levels, to mesoscales,
and further to continuum descriptions on a macroscopic scale. The detail each model can represent
has an inverse relation with its length- and timescale. This trade-off between the resolution of a
model and the spatiotemporal scales it can sample, dictates the suitability of the model for the

system of interest.
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Figure 2.15 Molecular modelling methods at different scales used for simulating molecular interactions in aqueous
silicate and silica gel systems. DFT reprinted with permission from'*>. MD reprinted with permission from '*3. MC
reprinted with permission from ', Ab initio MD reprinted with permission from'3, REMD reprinted with permission
from!**, kMC reprinted with permission from'**. GCMC reprinted with permission from'”’. CGMD reprinted with

permission from'®3.
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In the following section, we will explore molecular modelling studies conducted on silicates.
Although there have been a number of modelling studies primarily focusing on sodium silicate
solutions'®*2°!, the majority of these investigations have taken a broader perspective by examining
silica-water systems. Nevertheless, these studies provide significant insights into the fundamental
mechanisms driving silica polymerization and gelation, which can also be applied to understand

sodium silicate solutions and gels.

Silicate Polymerization is the initial step in the sol-gel process, and understanding its
mechanism is of great importance in order to get insight into the mechanisms underlying gelation.
Silicate oligomerization reactions have been studied using quantum-mechanical (QM) calculations
at various levels of theory (meaning different levels of approximation or complexity)!?%196:202-205,
These calculations support an ionic two-step mechanism involving penta-coordinated silicon
intermediates leading to silica condensation. In the first step, a negatively charged silica oxygen
attacks the silicon of another monomer, forming a penta-coordinated intermediate. In the second
step, a water molecule is removed. Earlier studies mainly focused on the modelling of the silica
oligomerization reaction between two monomeric silicic acids?*>?%. Trinh et al. ' investigated
the formation of oligomers, from dimer to tetramer, and showed that the ionization of silanol
groups promotes the condensation reaction. White et al.'”? found that the Gibbs free energies of
deprotonation and dimerization reactions of a silicate solution depend greatly on the pH value,
indicating the need to accurately replicate the solution environment present, especially for high pH

systems.

QM methods are limited to obtaining the energetics of systems containing a few silicate
monomers and water molecules, and cannot be used to probe structures formed during gelation or
gelation kinetics. An alternative approach is the use of atomistic simulations, such as molecular

dynamics (MD)!35:193:195.199.206 " which are capable of capturing the kinetics of polymerization.

1 191

Using MD simulations, Trinh et a and Pavlova et al."*® focused on the very first instants of

silicate polymerization, studying the condensation reaction up to tetramers and trimers,

191

respectively. Trinh et al.”" found that the energy barriers obtained from modelling the

condensation reaction in explicit water solutions significantly differ from those obtained from gas
phase calculations, reflecting the importance of incorporating explicit water molecules when

1 155

modelling silica condensation. Pavlova et a also studied the role of sodium ions, concluding
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on its repressing impact on silica dimerization and trimerization. They assigned this finding to the

rearrangement of hydrogen bonds of water surrounding reacting species, forced by sodium.

MD simulations are also suitable to track the silicate particles/clusters in their evolution from
an initial mixture of molecules. For example, Rao and Gelb!*? investigated the oligomerization of
a set of 729 silicate monomers at 1500 K<T<2500 K, and water-to-silicon ratios of up to 26. After
12.5 ns of simulation, they detected a cluster 6.72 nm in length, which was very elongated and not
dense enough to be called a particle, likely due to the relatively primitive reactive potential which
was used. It is, however, the largest silicate cluster detected in MD simulations to date. Kaminska
et al.?%” used MD simulations to investigate the reaction mechanism and species evolution in
sodium silicate solutions with total NO monomers. They observed a four-step process, starting with
the formation of small species (Sii-Sinoss), followed by the emergence of a large cluster (Sinoss-
Sino4) and a subsequent decrease in small species concentration. The large species stabilized while
the intermediate species dissolved, resulting in an equilibrium state where a stable large cluster
coexisted with smaller species (Sii-Sis). The researchers suggested that the stable large cluster
might serve as a pre-nucleus or solid particle, but further analysis of the temporal evolution of the
spatial structure is needed for confirmation. While the findings of this study align with the widely-
accepted polymerization theory, they also uncover certain unknown aspects, particularly regarding

the sequence of events in the evolving species.

Due to present limitations in computational resources, only a few nanoseconds can be simulated
with MD methods during which only the oligomerization of silica could be observed. Such
simulations often require elevated temperatures to accelerate the condensation kinetics in order to

increase the extent of reactions that can be probed.

The use of elevated temperatures has caused concerns that such an approach in MD simulations
might not represent experiments at ambient conditions!**?*®. However, Du et al.?*® showed that
MD simulations performed at high temperatures can reliably investigate the mechanism and
kinetics of silica gelation. They examined systems of Si(OH)4 monomers and water molecules
with different water-to-silicon ratios (0—9) and at various temperatures (1500-3000 K). According
to their results, although the polymerization rate increases with increasing temperature, the

structure of the final gel remains unaffected by the choice of reaction temperature. Still, developing
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force fields that accurately describe the interactions present at silica-water interfaces is a

challenging task>".

Monte Carlo (MC) simulations are believed to be simpler than MD, as they do not require
detailed reactive force-fields?!?. The simplicity of the model makes large system sizes accessible

.19 used MC methods to simulate silica

on a modest computational budget. Malani et a
polymerization of gel networks for large system sizes. Their results on the evolution of the Qn
distribution were in good agreement with Q" distributions obtained from NMR experiments. A
technique for sampling larger systems is the replica-exchange parallel tempering technique. In this
method, simulation systems running at different temperatures are swapped periodically to
overcome the energy barriers, allowing access to a large phase space!*1?>2%_ Jing et al.!”® used
the replica exchange MD method to study the evolution of a system containing 300 H20, 60
Si(OH)4, and 20 NaOH molecules at 600 K, which lead to the formation of a cluster of ~ 30 Si
atoms after 480 ns. Their result showed that 4-ring oligomers evolve to a cage structure with edge-
sharing 4- and 5-rings around one sodium ion, consistent with experimental studies where gelation
started from 4-rings [140]. It should be emphasized that both MD and MC methods are limited to

the length and time scales of atomistic simulations, and only capture the initial stages of the

reactions and aggregation process.

Kinetic Monte Carlo (kMC) attempts to overcome the time-scale limitation by filtering out
atomic vibrational movements, which allows it to run over much larger space and macroscopic
time scales. This method has allowed researchers to explore the reactions in complex solution

1.1%¢ used a continuum kMC approach to figure out how pH

environments. For example, Zhang et a
affects oligomer structure formation in large-scale silicate-solution systems. According to their
results, the oligomers favored linear growth at neutral pH conditions, while a higher pH facilitated
ring closure by making the silicate species anionic. They also found the silicate oligomerization to
be fastest at pH 8. Later, Zhang et al.?!! studied the mechanism of aggregation of silicate oligomers
and their subsequent gelation. Their results revealed that 4-rings dominate the ring population
during gelation, while 5- and 6-rings were rare and mainly formed during syneresis, leading to

more condensed silicate clusters. They also observed fast monomer exchange between silicate

oligomers, which is consistent with experimental findings.
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Given the complex structures of silicate gels and the high number of molecular events during
silica condensation and aggregation, simulating their molecular structure and formation demands
high computational power. Coarse-grained (CG) models are aimed at lowering the computational
cost by building simplified representations of complex systems while allowing them to maintain
key chemical and physical characteristics. The desire for simplification has motivated the
development of coarse-grained Monte Carlo (CGMC) models, which can simulate large systems
over long time-scales with a reasonable computational cost, making them useful for studying silica
polymerization 2%, Jin et al.?!? used CGMC by coarse-graining OH groups of Si(OH)4 molecules
into single particles. Their investigation revealed that a body-centered cubic (BCC) lattice system
is the most realistic model for replicating the bonding environment present in silicate systems,
allowing for variation in the Si—~O—Si bond angle. They observed silica polymerization to proceed
in the following order: (1) formation of dimers, small oligomers, non-cyclic chains, ring structures,
and spherical particles; (2) Ostwald ripening of larger particles; and (3) particle aggregation. This
model is in excellent agreement with the proposed mechanism for gelation mentioned in previous
sections. However, their model only included pure silica systems. The simplicity that CG models
offer comes at the price of the difficulty in obtaining quantitative insights into mechanisms and
processes. To resolve this issue, these models have been used in combination with atomistic
resolution models. White et al.?!* were the first to use QM calculations in a CGMC simulation to
study the initial stages of gel/cluster formation in sodium silicate systems. Their results showed
that at high-silica concentrations, above 4 M, the system tends to form a single large cluster in
preference to the many small oligomeric clusters observed at lower silica concentrations. In good

agreement with the Q" connectivity distribution observed by ?’Si NMR.

Grand canonical Monte Carlo (GCMC) is another powerful technique that is suitable for
studying dynamic systems like silicate solutions. Unlike methods such as MD, the number of
atoms and molecules in a GCMC simulation is variable and no prior knowledge of the number and
location of molecules is required. Dupuis et al.'”” developed a method that couples GCMC and
parallel tempering. The GCMC simulation allowed them to add or remove water molecules, and
the parallel tempering increased the gelation rate by at least two orders of magnitude compared to
MD simulations. This approach allowed them to not only simulate the gelation, but also to

reproduce the effect of diluting or drying the silica gels. Finding agreement with experiments, they
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observed that the siloxane bridges between silicate chains increase during syneresis and drying,
the structure of gels becomes denser, and glasslike structures form. Given these findings, it appears
that multiscale models such as this could bridge the gap between atomistic and mesoscale levels,
and provide quantitatively accurate simulations of the behavior of silicate species in both solution
and gel state. Still, direct development of sodium silicate solution, or silica gel models is relatively

rare.
2.2.8. Conclusions and future scope

Aqueous silicate solutions contain a complex mixture of silicate species with varying degrees
of polymerization, in a dynamic equilibrium. ?°Si NMR is currently the best method for
identification and quantification of these species and, to date, the structures of all the major species
representing up to 85% of the silicon in the solution, have been determined. To the best of our
knowledge, no new structures has been presented during the last decade, and recent studies have
applied ?’Si NMR only to investigate the reactions involving waterglass (e.g., zeolite formation).
This lack of recent attention and progress might be due to a combination of a lack of need and lack
of adequate instrumentation. It is clear, though, that advances in NMR spectroscopy will further

extend the array of structures able to be determined in these solutions.

Raman and IR spectroscopy are considered useful and inexpensive techniques for rapid analysis
of the structure of silicates, both in the aqueous and solid phases. Overall, Raman spectroscopy
presents a better option when compared to IR spectroscopy because: (1) the spectra obtained from
Raman spectroscopy are usually better resolved than the corresponding IR spectra; (2) no sample
preparation is needed; (3) Raman does not detect water and is ideal for aqueous environments.

Like NMR, however, some details of the spectra remain unclear, especially for weaker bands.

SAXS and DLS are powerful tools to investigate the size distributions of the silicate colloidal
particles, and have provided structural information concerning the way in which primary particles
grow and aggregate. However, two main areas remain unclear: (1) The density and internal
structure of colloids; (2) The effect of solution concentration, Rm, and temperature on colloid size.
Discrepancies between the results obtained from the two methods persist, the origin of which

remains unclear.
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The theory proposed by Iler for silica polymerization is widely accepted and is in good
agreement with experimental results. However, this theory is proposed for silica-water systems of
monomeric species. In this section, the silica polymerization theory has been modified specifically
for sodium silicate solutions for the first time. The effect of various parameters on sodium silicate
gelation kinetics has been extensively studied. However, the lack of a standard methodology for
measuring the gelation time cast doubts on the repeatability of the experiment results and make
comparisons between the results of different techniques almost impossible. Generally, insights into
the underlying principles and molecular chemical aspects of silica gel formation and syneresis are

still limited.

Overall, there are many questions which remain unanswered. For example, the interplay of

water, silicate species and sodium ions at the atomic scale is unclear:

e What are the differences between acidic and basic gels’ chemical structures?
e How does the gel structure evolve during syneresis?

e What is the effect of aging on waterglass, and how can it be controlled?
This lack of clarity is probably due to:

1. the complexity of the structure of silicate solutions;

2. the rapid exchange rate between the silicate species, which changes according to various
parameters;

3. complications in analysis that occur because of experiments carried out under insufficiently
controlled conditions; and

4. most of the applied analytical methods require diluted, or enriched, solutions for obtaining

best results.

In our opinion, the answers to these questions are most likely to come from a thorough

exploration at the atomic and molecular level.

One of the most promising ways to mediate the complexity associated with experimentally
characterizing the structure of water-silica systems is molecular modelling. A variety of sub-atomic
to meso-scale computational techniques have been applied to study these systems in both liquid
and gel state. However, in most cases the studies are still limited to rather small numbers of

molecules, and the very first moments of the process, which are not fully representative. Multi-
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scale approaches have the potential to resolve the problem by combining the strengths of different
computational techniques at different scales. Overall, investigations in this area have been

complicated by many factors, including:

1. the high number molecules and individual processes occurring concurrently in
alkaline silicate systems;

2. the dynamicity of speciation and its dependence on many factors; and

3. the current computational cost limitations in the implementation of full multiscale

models.

Therefore, although molecular modelling can open paths for developing a complete
understanding of the molecular structure of waterglass and silica gels, there is still a long way to
go until modelling may be routinely applied to entire waterglass and silica gel systems. Hopefully,
with rapid progress in both hardware and software capabilities, that point lies in the foreseeable

future.
2.3 Sodium silicate solutions in biomedical applications

Sodium silicates show great promise in biomedical applications, in both solution and gel state.
For instance, sodium silicate solutions are used in creating dense calcium phosphate-based bone
cements, where they not only act as a hardening agent but also help control properties like setting

time, pH, in-vitro degradation rate, and mechanical strength?!4-216,

Silica aerogels, formed by removing the liquid from the gel network while preserving its
structure, are noteworthy in nanotechnology due to their low density, large surface area, and

adjustable nanometer-sized pores. These aerogels are employed in various biomedical fields,

218,219 220,221

including antibacterial agents®!’, tissue engineering , nerve regeneration , and drug

delivery®??. Their unique features—such as biocompatibility, high and customizable porosity,
mechanical strength, and active surface functionalities—make them particularly suited for bone

223

tissue engineering~~’. Even more promising, sodium silicate gel have been shown to biomineralize

when immersed in simulated body fluid***?%3

, suggesting their potential to be used as an “bioactive
binder”. For example, silica hydrogel has been used as a coating to bioinert polymeric materials
as an alternative nucleating agent to bioactive glasses for inducing the formation of HCA layer and

make them bioactive. Using silica gel instead of bioactive glass has the advantage of being able to
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coat efficiently both compact materials and porous 3D architectures aimed at being used on tissue
replacement applications and as tissue engineering scaffolds®*>??%. Silanol groups on their surfaces
enhance bioactivity, promoting cell attachment, proliferation, and differentiation while allowing
controlled biodegradation as new tissue forms?!'32!%-227-228 This is not surprising because as shown
in Figure 2.2 in section 2.1., a layer of silica gel is formed on bioactive glass surface before HCA

is being deposited.

Silica hydrogels are mostly preferred in pharmacy, medicine, and transdermal drug delivery
because they have high water content, with soft and rubbery surface, mimicking human tissue,

muscles, tendons and cartilage®*’

. These hydrogels have rarely been used in their wet state for bone
scaffold applications, except as coatings. However, they hold considerable promise for this study
because a similar approach is applied—where waterglass coats bioactive glass particles and then
transforms into a gel. Additionally, silica gels have demonstrated excellent cell viability under

encapsulation conditions in their wet state*.
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Chapter 3: Mapping The Sol-Gel Transition in Acid-initiated
Sodium Silicate Solutions

3.1. Abstract

Bioactive glass bone scaffolds, known for their unique ability to bond with bone, have proven
effective for bone regeneration. Despite various techniques, large-scale porous bioactive glasses
still face challenges. Our design builds on prior proof-of-concept work aimed at creating formable
composite scaffolds by mixing 45S5 bioactive glass powder with a sodium silicate binder
(waterglass). This study aims to reduce the setting time of the composites from ~10 days to a
clinically practical range (~10 minutes) by combining waterglass with an acid initiator before
mixing with bioactive glass. The effects of pH (2-11), waterglass concentration (15-50 wt.%), and
acid initiator type (phosphoric acid and boric acid) were investigated to optimize waterglass
gelation kinetics and final gel microstructure. Overall, gelation kinetics and microstructure were
mostly affected by pH and waterglass concentration, with the type of acid initiator being less
significant. A 10-minute gelation time was achieved with boric acid at pH 10.6 and with
phosphoric acid at various pH levels (10.63, 10.35, 9.7, 5.3, 4.8, and 3.36) by adjusting waterglass
concentration. Exponential and polynomial models were suggested to predict gelation time in basic
and acidic regions, respectively. The optical properties of gels were studied qualitatively
(transparency change and Tyndall effect) and quantitatively (UV/VIS Spectrophotometry),
providing insights into gelation kinetics and microstructure. It was found that concentrated acidic
gels consisted of smaller particles forming a tightly packed network (pores<~550 nm) with higher
light transmittance at the gel point (%T), while basic gels had larger aggregates forming a less
dense network with pores of ~5 um, resulting in lower light transmittance (%T) at the gel point.
The light transmittance and pore size of the gels in both groups converged with decreasing
waterglass concentration. UV/VIS Spectrophotometry marked the gel point at 8 minutes, indicated
by a rapid change in light transmittance, which was shorter than the tube inversion method,
signifying the onset of gelation. This work contributes to controlling waterglass gelation by
identifying key parameters and understanding their relationships with gelation kinetics.
Additionally, it elucidates how these parameters influence the final gel structure, allowing the
tailoring of processing conditions to create a formable, in situ setting bioactive glass composite

bone scaffold.
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3.2. Keywords

Sodium silicate solution, Sol-gel transition, Gelation kinetics, Optical properties, Silica gel, Bone
tissue scaffold

3.3. Introduction

The very first material that was found to form a bond with bone was the original bioactive glass
composition, 45S5 Bioglass (45 wt% SiO:, 24.5 wt% CaO, 24.5 wt% Naz0, and 6 wt% P20s),
which has been in clinical use since 1985'. Since then, particles and putties containing a variety of
bioactive glass particulates are widely used in clinical settings. However, surgeons sometimes
require large interconnected macroporous scaffolds for the regeneration of large bone defects.
These 3D porous structures, known as scaffolds, act as temporary templates to support and
stimulate bone regeneration while they gradually degrade and are eventually replaced by new bone

tissue.

The first attempt to produce a bioactive glass-based scaffold was made in 2002 using a sol-gel
process combined with in-situ foaming to obtain a macroporous structure’. Since then, many
researchers have worked to identify the optimal manufacturing process for fabricating an "ideal"
scaffold from bioactive glass. Multiple attempts have been made to define what constitutes an ideal

scaffold*, which can be summarized by the following points:

« Sufficient mechanical properties and controllable degradation rate, capable of providing

short-term strength that transitions into load-bearing bone before being resorbed;
e Ability to bond to bone (bioactivity);

e Interconnected porosity and controllable pore size to allow for cell growth and

vascularization;
o Reliable, repeatable, fast, and economically convenient for mass production;
o Free from any toxic substances and safe for people and the environment;
o Customizable to meet the needs of each patient.

The technologies developed so far for producing glass-based scaffolds can be categorized into
two main groups: 1) conventional methods and 2) additive manufacturing techniques (AMT), also

known as rapid prototyping (RP). The first group follows the top-down manufacturing approach,
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which involves removing selected pieces or parts from a bulk material to create the desired shape
and porosity. The second group uses a bottom-up approach, building the scaffold layer-by-layer
or piece-by-piece. Details about the methods in each group and their advantages and disadvantages
can be found elsewhere*®. Despite the variety of techniques available, there are still no large-scale
porous bioactive glasses on the market. Applying problematization’ on the field of processing

methods for ceramic-based tissue scaffolds revealed three major challenges:

1. Conventional methods require heat treatment for consolidation, which adversely affects

the glass bioactivity;

2. AMTs, such as 3D printing, require 3D models and imaging for each patient, which can

be costly and time-consuming;
3. There is a lack of formability, despite bone defects coming in various sizes and shapes.

Suppose we could create a binary mixture of a powder and a liquid binder that a surgeon can
form into a paste and then press directly into a bone defect in a patient, and let the implant set (i.e.,
harden to prevent migration from the wound site) in seconds to minutes. As a proof-of-concept, a
design was explored in our lab in which 45S5 glass powder was combined with a sodium silicate
solution binder to create a formable paste that sets upon exposure to CO:2 gas in air and hardens
into a rigid, porous scaffold®’. Sodium silicate solution, also known as waterglass, was chosen as
a binder phase for its ability to set at room temperature,efficiently wet and coat the glass surface,
and set glass frit into a porous 3D structure. Additionally, some reports indicate the promise of
sodium silicates for biomedical applications. For example, soluble silicates have been used in the

10-12 and drug delivery agents'>. In

fabrication of dense calcium phosphate-based bone cements
these examples, sodium silicate solution not only served as a hardening liquid but also controlled
various properties of the composites, including setting time, pH, in-vitro degradation rate, and
mechanical properties. Even more promising, sodium silicate gel coatings on polymeric substrates
have been shown to biomineralize when immersed in simulated body fluid'*!'>. Therefore,

waterglass has the potential to be used as a “bioactive binder.”

The proof-of-concept studies®” showed that fabrication of porous bioactive glass composites at
ambient temperature is possible: a formable paste was successfully made that set in air with

geometric stability, and the resulting structure of the compacts was porous with sufficient
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compressive strength to permit handling. However, the setting time of these bioactive glass
composite bone scaffolds were more than 10 days (~300 hrs), making them impractical for clinical
use. Therefore, the main goal of this research is to decrease the setting time of bioactive glass-
waterglass composite bone scaffolds to a range that is practical for clinical applications.
Specifically, we aim to develop a workable, formable paste that can be inserted inside a bone defect
of any size and shape and sets in situ into a rigid, porous 3D structure, promoting bone tissue

regrowth in a safe and effective manner.

To decrease the binder setting time, we first need to understand the setting mechanism. Sodium
silicate solutions, with the general formula of (Na20)x.(Si02)y.(H20)- (X,y,z =molar ratio), are
complex mixtures of water, anionic silicate species, and sodium cations, in dynamic equilibrium.
The SiO:2 concentration and the SiO2:Na2O ratio are the two main factors that govern the physical
and chemical properties of these solutions. Waterglass can readily transform into sodium silicate
gel upon acidification. Silica gel formation is initiated by destabilizing waterglass with acids (HX),
which triggers the partial neutralization of Si-O” Na" ion pairs and leads to the formation of reactive
silanol (Si-OH) groups and sodium salts'® (Equation (3.1)). Silanol groups on the surface of
silicate particles connect by forming Si-O-Si bridges or physical interactions, forming silicate
aggregates that form a 3D network of silica gel. Both the formation of reactive Si—~OH groups and
overcoming of repulsive interactions between silicate species are prerequisites for the
aggregation/agglomeration of colloidal silicate particles and gel formation, and are mainly

governed by the pH.
=Si—0 - Naz-aq) + HX(aq) — =8i— OH(aq) + NaX(aq) (31)

In the initial composite design, the waterglass binder was exposed to COz in ambient air for an
extended period, allowing COz2 to partially dissolve into the waterglass to form carbonic acid
(Equation (3.2)). Carbonic acid introduces hydrogen ions into the solution through dissociation
(Equations (3.3) and (3.4), which then react with silicate species, resulting in the formation of a
sodium silicate gel. Silica gel binds adjacent Bioactive glass particles together, leading to
hardening and setting of the composite. Notably, over this lengthy period (>10 days), all the water
in the waterglass evaporates, leaving any formed gel and any remaining binder fully dried. The
reaction between waterglass and COz is inherently slow because carbon dioxide is present in the

atmosphere in very small amounts (~0.04%).
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CO;(g) + H00y < HpC03 (qq) (3.2)
HyC05aq) © HCO5(qq) + HT (3.3)

HCO3 (4q) © CO3aq + H* (3.4)

To accelerate composite setting process, acid solutions can be mixed with waterglass before
combining with bioactive glass, acting as acid-initiators. Therefore, the setting time of bioactive
glass-waterglass composite bone scaffolds is primarily controlled by the gelation time of the

waterglass, which is the focus of this study (see Figure 3.1).
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Figure 3.1 Progression from problematization to design approach in this study: three major challenges were spotted
applying problematization in bioactive glass bone scaffold processing techniques, which led to the development of a
new processing technique (the previous proof-of-concept work) which resulted in composites with long setting time
impractical for clinal application. This study aims to develop of a new approach aimed at accelerating the setting time

to a practical range for clinical applications.
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The gelation time of sodium silicate solutions can be controlled and accelerated by controlling
the parameters influencing silicate polymerization and aggregation/agglomeration, and
consequently gelation kinetics in these solutions. These parameters include pH, waterglass
concentration or dilution rate, the S102/Na20O molar ratio of waterglass, the presence of salts, type
of acid initiator, and temperature, which is comprehensively discussed in our recent review
paper'®. Considering the degree of effectiveness and the conditions specific to our target
application (bone tissue scaffolds), we narrowed down the parameters investigated here to these

main three:

1. pH: pH is a key parameter controlling gelation in silica-water systems. Although many
studies have examined the effect of pH on waterglass gelation time, they are typically
limited to narrow pH ranges of 1-2 units'”!°. A comprehensive study conducted by Iler?
in the 1970s focused on silica-water systems in general, but not specifically on waterglass,
leaving the general trend for gelation time across the entire pH range for waterglass
uncertain. Detailed data on the relationship between gelation time and pH is essential for
precisely modeling and controlling the gelation process, which is critical for tailoring the
properties of the resulting gel. Although applying soluble silicates to biomaterials limits us
to a pH range safe for human tissue, data on gelation time across the whole pH range is the
missing puzzle piece for developing gels from waterglass. This information is crucial for

optimizing the gelation process, regardless of the target application.

2. Type of acid initiator: various acids —both strong (such as hydrochloric acid 2!, nitric
acid %2, phosphoric acid %, and formic acid **) and weak (such as boric acid *°, acetic acid
26 and carbonic acid 27) —are used for silica gel formation from waterglass for different
applications. However, the rationale behind the selection of a given acid as an initiator is
rarely explained in the literature and appears to have been chosen arbitrarily. Studies using
multiple acid initiators for silica gels?®2° typically fail to maintain constant pH, making it
unclear whether the type of acid initiator affects gelation time beyond its influence on pH.
Here, we seek to elucidate the effects of acid initiators by controlling and fixing other

independent variables.

3. Waterglass concentration: Gelation is known to accelerate with an increase in sodium

silicate content in water'®. While higher concentrations initially promise shorter gelation
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times, adjusting waterglass concentrations offers flexibility to achieve specific gelation
times across varying pH conditions. Therefore, we investigate the impact of initial
waterglass concentration on gelation kinetics to optimize the gelation processes tailored to

bone tissue composite scaffolds.
In the investigation, we focus on the following points:

o How should pH and waterglass concentration be adjusted to achieve a target gelation

time that is practical for making composite bone scaffolds?

e (Can gels with the same gelation time be produced under different processing conditions
(i.e., pH, waterglass concentration, type of acid initiator)? How do these conditions affect

the final properties of the gels?

e Ata fixed gelation time, does the type of acid initiator influence the final properties of

the gel?

o Can the appearance and optical properties of the gels provide insights into the sol-gel

kinetics and structure of final gels?
3.4. Experimental design
3.4.1. Independent variables:

pH: Our specific requirement is to develop a paste consisting of bioactive glass and WG that
can be applied to fill bone defects and set within a practical timeframe for surgical procedures.
Considering the time necessary to manipulate and shape the paste at the defect site before it
solidifies significantly, and to ensure adequate time for sample preparation and characterization,
we set a target gelation time of 10 minutes. The variable in our study is the pH at which these gels
achieve the desired gelation time of 10 minutes. This variability in pH allows us to explore
different formulations to ensure the gel remains effective and safe for clinical use. We limited the
pH range to above 2 because pH levels below this threshold are generally considered unsafe or

impractical for most applications.

Type of acid initiator: We selected boric acid (BA) and phosphoric acid (PA) as acid initiators

because both have been used in different biomaterials such as contact lenses*’, and dental and bone

75



cements®!*2. Moreover, this selection allows us to compare and contrast the effects of a weak acid

(BA) and a strong acid (PA) on gelation kinetics and final gel properties.

BA (H3BO:3) acts as a monobasic acid in aqueous solutions. BA either consumes a strong base

like a hydroxide ion, or reacts with water to release a proton™:

PA (H3POsa) is a polyprotic acid and its dissociation occurs in three steps depending on the pH**:

H3P04 +H20 « H2P04_(aq) + H30(th) ,pka=2.12 (36)
HyPO; (qq) + H20 & HPOF (0 + H30(q) ,pka=7.21 (3.7)
HPOF gy + H0 & POJ 0y + H30(,, ,pka=12.68 (3.8)

Waterglass concentration: Waterglass concentration significantly affects its viscosity and
tackiness, and consequently influences its properties as a binder. A key criterion to consider is that
after mixing the binder with bioactive glass the paste should be formable and stable enough to fill
a bone defect of any shape. Waterglass:water ratio of 1:1 was the minimum ratio at which the
viscosity of the binder allowed homogenous mixing with acid solution. Conversely, a ratio of 1:5
was found to be the maximum at which the binder maintained enough adhesion to create a formable

paste that retained its shape after demolding from a cylindrical mold.
3.4.2. Materials

The starting commercial sodium silicate solution (Sigma-Aldrich, CAS number: 6834-92-0),
St. Louis, MO, U.S.A) had the following characteristics: [SiO2] = 26.5 wt.%, [Si] = 6.13 mol/I;
relative density = 1.39 g/I; pH = 11.9; SiO2/Na20 molar ratio = 2.57. The acid initiators used
were: phosphoric acid, 85% solution (Fisher Scientific, CAS number:7664-38-2, Toronto, ON,
Canada) and boric acid powder, > 99.5% (Fisher Scientific, CAS number: 10043-35-3, Toronto,
ON, Canada).

From previous experience in the lab, the waterglass must be used within its shelf life and must
be sealed swiftly after dispensing liquid and sealed tightly to reduce the possibility of chemical
changes over time via evaporation of water, which could induce a change in the overall distribution

of species.
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3.4.3. Preparation of dilute waterglass and acid solutions

The dilute waterglass solutions were prepared by adding DIUF water to the commercial solution
at room temperature under magnetic stirring to achieve waterglass to water weight ratios of 1:1,
1:3, and 1:5. To minimize the water introduced with the acid solution, a 0.7 M BA solution was
prepared by dissolving 4.3 g of BA powder into 100 ml of DIUF water, which was near the
maximum solubility of BA at room temperature. Additionally, a 14.8 M PA solution was prepared
by mixing 11 g of 85% PA solution with 1 ml of DIUF water, achieving the maximum PA
concentration with a sufficiently low viscosity for micropipette use. The compositions and pH

values of the starting diluted waterglass and acid solutions are reported in Table 3.1:

Table 3.1 Compositions and pH values of the prepared starting waterglass and acid solutions

m WG:Water Water WG pH , Acid Acid: Water Water  Acid pH

S (wtratio)  (g) (9) § type  (wtratio) (9) (9)

5 E

& 1 10.00 1000 1148 & PA 11:1 1.00 11.00 1.50

(39 1:3 15.00 5.00 11.22 § BA 1:24 96.00 4.00 3.20
1:5 16.66 3.34 10.91

3.4.4. Gelation time

Gelation time, defined as the interval between acid introduction and the gel formation point,
can be determined using qualitative, semi-quantitative, or quantitative methods. Qualitative
18,2535 36,37

approaches observe the point when the solution stops to flow upon tilting or inversion”>’,

while semi-quantitative methods use predefined codes to describe the gelation process®®,
subjective to observer judgment. Quantitative techniques on the other hand, employ rheological
measurements in static!”* or dynamic**“*? modes. Due to its simplicity, speed, good agreement
with qualitative methods*, and occurrence at the formation of a completely rigid gel, we utilized

the tube inversion method to measure the gelation time.

Four series of pH-adjusted samples were prepared by adding increasing amounts of acid
initiator to 20 g of initial diluted waterglass solutions of varying concentrations (1:1, 1:3, and 1:5)
under continuous stirring. The volume of acid in each sample was adjusted based on the waterglass

concentration solution and the type of acid initiator:
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e PA specimens:

PA solution was added using a micropipette to achieve gelation times of less than 90 minutes,
recorded as the minimum acid required in the basic region for each concentration. From the
minimum acid amount, additional acid was added stepwise to subsequent samples of the same
concentration. Specifically, 5 pl, 10 pl, and 20 pl of acid were added in each step for PA 1:1, PA
1:3, and PA 1:5, respectively. This process continued until the instant gelation zone in the basic
region was reached. After this point, acid was added incrementally until the gelation time increased
again, marking the minimum acid required in the acidic region. From this point, 100 pl of acid was

added to the minimum amount in each step for all concentrations.
e BA specimens:

BA solution was added using a 10 ml syringe to achieve gelation times of less than 90 minutes
in the basic region. Then, 1 ml of acid was added at each step until reaching the instant gelation
zone. The initial waterglass concentration of the solution for all BA specimens was 1:1 (total one
series of BA specimens) which was increased in each step (up to reaching rapid gelation) based on
the amount of water introduced from the BA solution. No acidic gel was prepared using boric acid

due to its weak acidic nature.

For both PA and BA specimens, the pH of each mixture was measured using a pH meter
(Accumet Basic AB15 Plus, Fisher Scientific, Toronto, Canada) with the pH probe inside the
solutions and the final pH was recorded two minutes after acid addition. The pH meter was
calibrated using buffer solutions on a daily basis. Based on the pH range being measure, three
buffer solutions among pHs of 2, 4, 7, 10, and 12 were used for calibration. The solutions were
then transferred to 15 ml glass vials, filling up to % of the total volume. The vials were gently
inverted 180° (turned upside down) at regular time intervals, depending on the gelation rate, to
observe the flow of the solution. The time at which the solution ceased to flow upon inversion was

recorded as the gelation time.
3.4.5. Optical properties
3.4.5.1. Macrographs

Macrographs were used in this study for qualitative analysis of optical properties and to observe

the Tyndall light scattering effect during, and after, the sol-gel transition. All macrographs were
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obtained using a digital single-lens reflex camera (D300s, Nikon, Nikon Corporation, Minato City,
Tokyo, Japan) equipped with an AF Micro-Nikkor 60 mm /2.8D lens (Nikon Corporation, Minato
City, Tokyo, Japan). A setup consisting of a stand holding a black non-reflective velvet fabric as
the background was used for capturing photos. The camera exposure settings were kept constant

for all photos. Only specimens with target gelation time of 10 minutes were photographed.
3.4.5.2. Sol-gel transition

Fresh mixtures of waterglass solutions and acid solutions were prepared, poured into 10 ml
glass vials, and were placed on the non-reflective stage. Photos were taken at 2-minute intervals
during the sol-gel transition, at the gelation point, and at 5, 15, 30, 45, and 60 minutes after
gelation. Before reaching the gelation point, the samples were leaned against a metal piece at a 45-
degree angle to show that they still had flow. After the gelation point, the samples were

photographed in an inverted position.
3.4.5.3. Tyndall effect

One of the characteristic properties of disperse, or colloidal, systems is the Tyndall effect (or
Faraday-Tyndall effect), which is the ability of these systems to scatter light in all directions when
illuminated from one side with visible light. A colloidal dispersion, or colloid, is a suspension of
tiny particles in some liquid medium. These suspended particles are single large molecules, or
aggregates of molecules, or ions ranging in size from 1 to 1000 nanometers. Although undetectable
in normal lighting, the presence of suspended particles can be demonstrated by shining a beam of
intense collimated light—typically a laser beam—through the suspension. The beam is visible
from the side because the light is scattered by the suspended particles. In a true solution, on the
other hand, the beam is invisible from the side because the individual ions and molecules dispersed

in the solution are too small to scatter visible light.

To observe the Tyndall effect, a set of specimens with gelation time of 10 minutes was freshly
prepared, poured into 10 ml glass vials, and were placed on the non-reflective stage. The vials
were then illuminated using a green 550 nm laser pointer to observe the Tyndall effect and light
scattering in the gels. The laser setup was prepared with the laser beam aligned both horizontally

and vertically to pass through the central plane of the sample. Photos were taken in a dark room
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with the laser being turned on to illuminate the samples at 2-minute intervals during the sol-gel

transition, at the gelation point, and at 5, 15, 30, 45, and 60 minutes after gelation.
3.4.5.4. UV/VIS Spectrophotometry

The UV/VIS spectrophotometer is a rapid and non-destructive tool that is based on the
interaction of chemical species with light in the ultraviolet and visible range. From the obtained
spectrum, it is possible to determine various chemical and physical properties of a sample, such as
characterizing optical properties across different wavelengths, identifying molecules, and
determining concentrations. Additionally, UV/VIS spectrophotometry can be used to study the
kinetics of chemical reactions and biological processes by tracking changes in optical properties
over time, making it invaluable for studying phenomena like sol-gel transitions. Researchers have
utilized UV/VIS spectrophotometry to study silica gels made from waterglass***®. However,

studies that link optical properties to the microstructure of silica gel are rare.

A UV/VIS spectrophotometer (Hitachi U-3900H, Hitachi High-Tech Corporation, Tokyo,
Japan) was used to measure light transmittance in the gels. First, an empty cuvette was placed in
the spectrophotometer, which was run from 400-700 nm for baseline correction. Fresh mixtures of
waterglass and acid solutions were then prepared, poured into the cuvette, and placed in the
spectrophotometer. Transmittance (T; in %) was measured at 2-minute intervals during the sol-gel

transition, at the gelation point, and at 5, 15, 30, 45, and 60 minutes after gelation.

The numerical values obtained in UV/VIS experiments can be presented as Transmittance or
Absorbance plotted against wavelength. Transmittance (T), representing the light passing through
a sample, is typically expressed as a fraction of the transmitted radiation (/) over the incident

radiation (/o) and is defined as follows:

T=1 (3.9)

Io
Using Lambert-Beer's law, "absorbance" (A) is calculated as follows:
A=—logT =log™ = ecd (3.10)

where ¢ is molar absorption coefficient; ¢ is concentration; and d is the path length of the

measuring beam in the sample.
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While absorbance values are commonly used due to their linear relationship with concentration
and path length, it is essential to note that light can interact with samples in various ways beyond
absorption and transmission. Reflection, scattering by particles, transmission through, and
absorption are all possible interactions. Unfortunately, the terms "absorption" and "extinction" are
often used interchangeably, which can be particularly misleading when dealing with colloidal
solutions and gels. "Absorption" specifically refers to the process where light intensity diminishes
due to molecules transitioning from the ground state to an excited state. On the other hand,
"extinction" encompasses the total loss of light energy passing through the sample. As Mantele
and Deniz*’ point out, extinction includes absorption, but also light scattering and reflection (if
applicable), processes that are not related to the absorption process. According to Lambert-Beer's
law, an ideal sample is a homogeneous solution without light scattering. However, for sol-gel
transitions in colloidal solutions, such as waterglass, a significant amount of light is expected to
be scattered by particles and aggregates. Therefore, UV/VIS results are reported as T in % , with

the remainder being extinction, primarily due to light scattering.
3.4.6. Scanning electron microscopy

Scanning electron microscopy (SEM) was employed to image and compare the packing,
porosity, and morphology of gels with a target gelation time of 10 minutes. The goal was to find
correlations between the optical properties and microstructure of the gels prepared with different

processing conditions.

To prepare the samples, fresh mixtures of waterglass solutions of different concentrations and
acids were made and poured into 1x1x1 cm?® silicon molds, where they were allowed to gel. 60
minutes after the gelation point, the samples were immersed in liquid nitrogen to freeze. After
freezing, the samples were dried using a Savant SuperModulyo Freeze Dryer (Mechatech System
Ltd, Thornbury, Bristol, U.K.) at a temperature of —40°C and a pressure of ~0.08 Torr for 12
hours. Prior to imaging, the specimens were sputtered with gold using Denton Desk II (Denton
Vacuum) for 90 seconds, resulting in a 12 nm gold coating to reduce charging. Imaging was
conducted in Secondary Electron (SE) mode with a Zeiss EVO MA10 SEM (Carl Zeiss AG,
Oberkochen, Baden-Wiirttemberg, Germany) equipped with a LaBe filament.
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3.5. Results and Discussion
3.5.1. Gelation time

pH is the most critical parameter influencing sol-gel reactions in silicate solutions. Figure 3.2a
schematically illustrates the general stability/gelation time trend proposed by Iler?° for silica-water
systems across the whole pH range. Notably, silica particles point of zero charge (that is, zero net
surface charge) and isoelectric point (that is, zero velocity for particles subjected to an external
electric field) both happen at pH = 2, where silicate solutions demonstrate maximum gelation time.
The decrease in gel formation time observed for pH < 2 and from pH 2-7 is attributed to two types
of condensation reactions initiated by H" and OH" groups, respectively*. At pH = 7, the gelation
time dramatically decreases as silica particles rapidly aggregate with the aid of silanol
functionality. Above pH = 7, the gel time increases again due to an increase in the silica solubility
and because the silicate species are appreciably ionized so that particle growth can occur without
aggregation. Above pH = 11, no aggregation or gelation occurs because particles are mutually
repulsive. This complex behaviour indicates that electrostatic interactions alone cannot primarily
dictate stability and particle aggregation/bonding in silicate solutions; instead, the silanol
functionality and condensation reaction rate (initiated by OH™ or H"), play a more significant role

in the gelation of silicate solutions.
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Figure 3.2 (a) the general trend for gelation time/sol stability versus pH for silica water systems, redrawn from?’ (b)
the general trend for gelation time versus pH for waterglass solution of different concentrations observed in this study
(c) semi-log graph of gelation time versus pH for specimens made of boric acid and phosphoric acid and different
initial waterglass concentrations. The target gelation time of 10 min. is marked by the yellow arrow, which intersects
the various solutions at different pH values, and hence permits multiple processing routes to fabricate a gel that forms

in 10 min.
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The pH-dependence of gelation time for sodium silicate solutions of different concentrations,
acid-initiated with phosphoric acid and boric acid was measured using the tube inversion method.
Our findings broadly agree with the trend observed in silica-water systems (Figure 3.2b). However,
we did not observe the "stable sol" region. It is important to clarify that the terms "stable sol"
(referring to colloidal dispersion) and "solution" (referring to molecular/ionic dispersion) are
conventionally used for monomeric silicate species in silicate solutions. Waterglass, however,
contains both ionic species and colloids depending on the SiO2/Na2O ratio, and is not a true
solution despite common usage of the term. The disappearance of the stable sol region in
waterglass implies that colloidal particles cannot grow below pH = 11, unless they aggregate at
some point. Additionally, waterglass exhibits a rapid or immediate gelation zone instead of a

minimum gelation point.

In sodium silicate solutions, the presence of sodium cations facilitates closer proximity among
silicate particles, likely due to the charge screening effect of the cations and implications from the
electric double layer theory (see reference # for further details). The closer proximity of colloidal
silicate particles in waterglass widens the minimum gelation zone. As shown in Figure 3.2b, both
the width of the "rapid gelation" zone and the slope of the graph (indicating the dependency of gel
time on pH) appear to be influenced by silica concentration. Specifically, as the dilution rate
increases, transitioning from a WG: Water weight ratio of 1:1 to 1:5: (i) the slope in the basic region
decreases, (ii) the "rapid gelation" zone narrows, and (iii) the maximum gelation time in the acidic
region increases. Increasing silica concentrations (equivalent to decreasing WG:Water weight
ratio) enhances gelation by fostering the formation of more silicate particles, and consequently
increasing the likelihood of collisions. These collisions can result in the formation of siloxane
bridges through chemical interactions or lead to physical interactions such as hydrogen bonding.
Therefore, higher silica concentrations increase the probability of particles aggregating through
chemical or physical mechanisms, which results in broadening the “rapid gelation” zone and
decrease in max gelation time at pH = 2. These findings are in agreement with previous studies
investigating the effect of pH on the gelation time of sodium silicate solutions'”!*#1°% although

none such studies explored such a wide pH range.

The relationship between gel time and pH for all the gel specimens is shown on a semi-

logarithmic scale in Figure 3.2c. Using phosphoric acid, a strong acid, gels can be prepared across
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the entire pH spectrum of 2-11. However, with boric acid, a weaker acid, the pH can only be
lowered into the basic range. In the basic region, the gel time versus pH changes exponentially,
moving towards near-infinite gelation time or stable solution with increasing pH. In contrast, in
the acidic region, the curves fit to fourth-order polynomials, reaching a maximum as the pH
approaches 2. The fitted equations in Table 3.2 reveal that the constant parameters in fitted
equations vary with waterglass concentration, indicating that gelation kinetics change with
concentration. By determining the relationship between the coefficients and waterglass

concentration from experimental data, we can predict the gelation time for any given concentration

and pH.

Table 3.2 The equations fitted to gelation time (t;) versus pH curves obtained for basic gels made with boric acid, and

basic and acidic gels made with phosphoric acid.

Acid  WG:Water WG T Parameters
catalyst  (wt. ratio) (Wt%) q a b c d
Boric Acid 1:5 Basic 15 1E-27 6.107
@ 1 50 2E-60 13.135
® 13 Basic 25 t;=a.e®#" 5E-40 8.929
Phosphoric 1:5 15 5E-26  6.221
Acid & 111 50 5E-5  0.002 -0.114 100.47
1.3 Acidic 25  t=apH+bpH>cpH+d -5E-5 0004 -0.134 100.74
1:5 15 6E-5 0011 -0.823 100.38

In the basic region, the parameters a and b in the general equation were found to be functions
of waterglass concentration (C, wt%) (Figure 3.3). The general formula of gelation time (tg) versus
pH in the basic region, and the relationship between the equation parameters a and b with

concentration can be expressed as follows:

ty =a-elPH (3.11)

where:
loga = (4E — 80) - C~®>9 (3.12)
logh = (20.384) - C%-616° (3.13)
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Figure 3.3 Dependency of Parameters a and b on Waterglass Concentration. These parameters are part of the fitted
equation describing the relationship between gelation time and pH for basic gels (Table 3.2). The fitted equations and
R-values are shown on the graph.

When comparing boric acid and phosphoric acid in the basic region, we observe that the a and
b parameters for BA fitted equations are very close to that of PA 1:5. This similarity could be
linked to the fact that, although the initial WG:Water ratio of the silicate solution was 1:1 for this
sample, it increased to 1:5 by the large amount of water introduced through addition of BA. It
appears that there is a general exponential equation for gelation time versus pH in the basic region,
and its parameters depend solely on waterglass concentration (and not on the type of acid initiator
used). It should be noted that the Si02/Na2O ratio of waterglass is constant in these observations,
so the general trend is limited to this condition. If the Si02/Na2O ratio were to vary, the a and b
parameters may also change. Overall, the impact of pH and WG concentration on gelation time is

significantly more influential than the type of acid used.

Similarly, in the acidic region, the constant parameters of the general equation for gelation time
versus pH vary with waterglass concentration. Due to the high number of parameters and the
complexity of the equations, we could not fit the relation with high certainty. Fitting this
relationship more accurately would require more data points and aid of computational methods,
which could be the focus of another project. However, the maximum gelation time at pH = 2 was
also a function of waterglass concentration (C, wt%) and followed a second-order polynomial

relationship. This relation can be expressed for maximum gelation time (tg™**) as follows:
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ty'** = —6000C? + (6E~1)C + 1575 (3.14)

where the scalar quantity in the second term (i.e., 6E-/7) can be neglected due to its extremely small

magnitude.

The second-order polynomial relationships with concentration suggest that the influence of
concentration on gelation kinetics is complex and potentially includes interactions between

different contributing factors.

The amount of acid required to adjust the pH with BA and PA is illustrated in Figure 3.4. As
expected, since BA is much weaker than PA, the required amount of BA is 28-38 times greater
(depending on WG concentration) than the amount of PA needed to reach the same pH.
Additionally, as the WG content in the initial solution decreases, the amount of acid needed to
lower the pH also decreases. The pH is very sensitive to slight changes in the amount of acid in
the PA 1:1 sample, and this sensitivity decreases as the WG concentration decreases or the pH
moves into the acidic region. Consequently, controlling the pH and gelation time was most
challenging with the PA 1:1 sample. Although the BA sample had the lowest pH sensitivity to
changes in acid content, it cannot be considered the easiest to control. The BA pH-sensitivity is
because the WG-to-water ratio changes abruptly with the addition of acid, leading to fluctuations

and making predictions more difficult.
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Figure 3.4 The amount of acid initiators (boric acid and phosphoric acid) needed to adjust the pH of silica gels made

from waterglass at different concentrations. For clarity, the y-axis is presented in a logarithmic scale

Generally, the results indicate that achieving a desired gelation time is feasible across both

acidic and basic pH ranges. Referring to Figure 3.2c, W€ observe that the target gelation time of

10 minutes is met by one point using BA in the basic region, and two points using PA at each of

three different concentrations in both acidic and basic regions, totaling seven specimens, as

detailed in Table 3.3. Moving forward, we will proceed with these seven samples, all of which

exhibit a gelation time of 10 minutes, making them suitable for the desired clinical applications.

Table 3.3 The composition and final pH of silica gels made with boric acid and phosphoric acid at different waterglass

concentrations. All gels have a gelation time of ten minutes, making them practical for clinical applications.

Acid WG:Water WG Acid content pH
catalyst (wt. ratio) (9) (M) (min)
Boric Acid 1:5 Basic 3.34 14000 10.60 10
@® 11 10.00 545 10.63
@ 13 Basic 5.00 360 10.35 10
Phosphoric 1:5 3.34 300 9.70
Acid @ 11 10.00 2800 3.36
) 1:3 Acidic 5.00 1300 4.80 10
1:5 3.34 825 5.30

88



Figures 3.2c and 3.4 present a comprehensive mapping of gelation times and acid initiator
concentrations over a wide pH range for the formation of silica gels from waterglass and serves as
a valuable guide for tailoring gelation kinetics, allowing precise control over the fabrication
process. The next step involves understanding the properties of the resulting gels at each pH, which
is crucial for applications requiring specific gelation times, such as the 10-minute setting time for
bone scaffold applications. By consulting these processing maps, one can not only select the pH
and acid concentration to achieve a desired gelation time, but also choose between different pH-
concentration combinations based on the final properties of the gels. Since the most apparent
differences between gels with identical gelation times—but varying pH and acid concentrations—
lie in their appearance and interactions with light, I initiated a study of their optical properties.
This exploration of optical behavior will expand into an analysis of molecular structure and optical

characteristics in subsequent chapters
.3.5.2. Optical properties

During the sol-gel process, the colloidal particles present in the sol gradually form a network
that evolves into a gel structure, which traps the surrounding solvent. These structural changes are
also reflected in the optical properties of the resulting gels, leading to variations from transparent
to translucent and even opaque appearances. Therefore, investigating the optical characteristics
throughout the sol-gel transition can provide invaluable insights into the structural evolution
during gelation. This investigation was performed through both visual observations and

quantitative techniques such as UV/VIS spectrophotometry.
3.5.2.1. Visual Changes

Figure 3.5 demonstrates the sol-gel progression in acidic and basic gels prepared using PA and
BA, spanning up to 60 minutes affer gelation. Gelation of all samples occurred at the 10-minute
mark, clearly indicated by the inversion method. Initially, the sols appeared clear and colorless
after introducing the acid. However, during and after transforming to gel, the gels exhibited distinct
optical behaviors influenced by pH and silica concentration. Basic gels transitioned from
transparent to translucent, with a decrease in transparency persisting post-gelation. The PA 1:1
basic specimen, in particular, became opaque. A similar trend was observed in BA basic gel,

highlighting that the effect of pH on the gelation process was more significant than the type of acid
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initiator used. Acidic gels were notably more translucent in contrast to basic gels. For instance, the
PA 1:1 acidic sample remained completely transparent up to the gelation point, although it
contained some entrained gas bubbles. The reaction between WG and the acid initiator is
exothermic in the acidic region, generating heat that can be felt when handling the vial, and these

bubbles are likely a result of this exothermic reaction inducing vaporization of the solvent.

90



Gelation point
\4

11

Time (min) —|—|—|—|—|—|—|—|—|—|—>

8 10 15 25 40 55 70
A

Figure 3.5 Macrograph of silica gels during sol-gel transiton and post gelation over time. All images were taken at

constant white balance and exposure conditions and the blue cast to the images is true to what was usually observed.
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Overall, a decrease in light transmission was observed across all samples, which continued after
gelation, with all samples exhibiting a faint blue color along with reduced transparency. The
differences in the appearance of basic gels in contrast to acidic gels suggest microstructural

differences between these two groups of gels.
3.5.2.2. Tyndall effect

Waterglass consists of a wide range, and physical size, of species ranging from monomers to
oligomers and all the way up to colloids. Investigations by dynamic light scattering and small-
angle X-ray scattering have reported a wide range of colloidal particle sizes in waterglass—0.6 nm
to 600 nm-and uncertainties about their size range continue to exist >*2. Upon acidifying
waterglass, the silicate species, and colloidal particles, continue to grow until they are no longer
stable and undergo aggregation or agglomeration through chemical or physical interactions into

5334__thusly resulting in gelation of the system. The final size of the

fractal structures
aggregates/agglomerates formed by these particles directly affects the microstructure and porosity
of the final gel; the physical, chemical, and mechanical properties depend on the microstructure.
The size of colloidal silicate particles and aggregates/agglomerates also affects how they interact
with, and scatter, light. By observing the Tyndall effect, one can indirectly study the size of these
particles and aggregates/agglomerates, thereby gaining insights into the differences in the final
structure of gels formed under different processing conditions. It should be noted that aggregates
are irreversible clusters of colloidal particles connecting through strong primary bonding (e.g.,

covalent bonds), while agglomerates are reversible clusters of colloidal particles connecting

through weak secondary bonding (e.g., hydrogen bonding).

According to Rayleigh, the relative intensity of the light scattered at right angles to the axis of

illumination by dilute sols of constant volume concentration, can be expressed as>>:

__ kev

I__
p At

(3.15)

where, k represents the Boltzmann constant, ¢ is the concentration of the colloidal solution, v
represents the volume of the scattering particles, p is the density of the particles, and 4 denotes the

wavelength of the incident light.
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Equation (3.15) indicates that, at a fixed wavelength, the intensity of the scattered light is
directly proportional to the average volume of the particles. However, this relationship assumes
certain conditions, such as particles being optically isotropic and randomly distributed. In
concentrated colloidal solutions like ours, not all these assumptions hold true, complicating the
straightforward relationship between intensity and particle size, and a definitive solution to this
issue remains unresolved . Overall, the nature of particles—specifically their size, shape, refractive
index, and surface characteristics—all play significant roles in scattering behavior. Nonetheless, it
is widely accepted that an increase in either the number, or size, of particles typically results in
higher intensity of the scattered light. Therefore, we anticipate that the size and arrangement of
silicate particles and aggregates/agglomerates in our system directly influences the amount of light
scattered by them. Although, finding a mathematical model for quantitatively relating these two

parameters would be a challenge and was not in the scope of this work.

A green 550 nm laser was used to qualitatively investigate light scattering and the Tyndall effect
during the sol-gel transition and post-gelation across all seven specimen types (Figure 3.6). Our

observations yielded the following insights:

o Initially, all samples exhibited the Tyndall effect to some degree, confirming the colloidal

nature of the initial waterglass solution.

e The overall trend of the light scattering in our samples closely mirrors that seen in Figure
3.5, indicating that the reduction in light transmission results from increased scattering by

colloidal particles or aggregates/agglomerates.

e Over time, after introducing the acid-initiator, the intensity of scattered light in each sample
increases. This increased scattering is evident from both the increased brightness of the
beam path and the glow that expands around it, often illuminating the entire vial. This glow
is attributed to multiple scattering centers within the specimen, which redistributes light in
various directions, making scattered light visible beyond the direct laser beam path. This
scattering phenomenon suggests: the formation of new colloidal particles; increase in

colloidal particle; or both.
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At a constant waterglass concentration, acidic gels scattered less light compared to basic
gels at any given time. This result indicates that acidic gel networks are formed from

smaller aggregates/agglomerates than those in basic gels.

In acidic gels, the glow started only after the gelation point, whereas in basic gels, glowing
began before gelation. This difference suggests that in acidic gels, the glow primarily arose
from re-scattering within the gel pores, which formed only affer gelation. In contrast, in
basic gels, both pores and particles or aggregates/agglomerates contributed to the observed

glow.

Specifically, in the case of acidic PA 1:1 gel, the slight increase in the density of the beam
path with no glow suggests that particles or aggregates/agglomerates were small and light

was not re-scattered from the surrounding.
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Figure 3.6 Macrographs showing the Tyndall effect of silica gels during sol-gel transiton and post gelation over time
while shining a 550 nm green through the specimens. The laser is casuing a reflection above the laser line from the
top surface of sol-gel meniscus, or oven the top cap on the vials in some cases. All images were taken at constant

white balance and exposure conditions and the green reflection is true to what was usually observed.
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3.5.2.3. UV/VIS pectrophotometry

The UV/VIS spectra of all gels during the sol-gel transition, at the gel point, and up to 60
minutes after gelation are illustrated in Figure 3.7 within the visible region. Several observations

are evident at first glance:

(1) There is an increase in transmittance with increasing wavelength, contributing to the bluish
tint observed.

(2) The overall transmittance decreases with time within each sample, resembling the photos
in Figure 3.5.

(3) There is a distinct difference between acidic and basic gels in their ability to transmit light,
with acidic gels have higher %T, regardless of type of acid initiator used. However, the

difference in the light transmittance behavior diminishing as the dilution rate increases.

(4) Basic gels show an increase in transmittance with decreasing silica concentration, whereas
acidic gels exhibit a decrease in transmittance with dilution.

(5) The BA basic gels’ transmittance spectra over time are similar to those of the PA 1:3 gel.

Generally, more light is transmitted as the wavelength increases from 400 to 700 nm, with the
difference being more pronounced in basic gels compared to acidic gels. According to.(3.15), the
intensity of the scattered light is inversely proportional to the fourth power of the wavelength. If
we consider the extinction to be solely due to light scattering, and accept that the intensity of the
incident light equals the sum of the transmitted and scattered light, then %T should be directly
proportional to the fourth power of the wavelength. From Figure 3.7, there is a general agreement
with this direct proportion; however, the light transmittance dependency on wavelength is not

constant and is influenced by concentration, pH, and time.

96



Time (min) Boric Acid, Basic
2 .
p | 1:5
6
8

=

(=]

[=]
n

Gelation point p
15
25
40
55
70 o
l 400 450 500 550 600 650 700

Wavelength (nm)

Transmittance (%)
2

Phosphoric Acid, Basic

100

80
6oy 60
40 40

20+ 20+

&
o
o
c
@
k=
£
7]
c
©
L
l—

200 450 500 550 600 650 700 400 450 500 530 600 650 700 400 430 500 530 600 630 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Phosphoric Acid, Acidic
1:1 1:3
Fmtentiseh ety 1DOW io & ity 100

80+ 80+ 80"

60+ 60+ 60+
40 40 401

204 20+ 20+

Transmittance (%)

) —— —— 0 .. —— ——————
400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.7 UV/VIS Spectra of Silica Gels During Sol-Gel Transition. The spectra show light transmittance in the
visible light region (400-700 nm) at various time intervals after mixing waterglass solutions of different concentrations

with boric acid and phosphoric acid. The measurements were taken at the gelation point and up to 60 minutes after

gelation.
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While concentration dependency is expected from Equation (3.15), pH and time also play
significant roles as they affect the silicate particle size. Even at a fixed time, concentration, and
pH, %T does not follow the inverse relation with fourth power of wavelength dependency in any
sample. if such relation existed, the ratio of %T at 700 nm to 400 nm should be always proportional

to:

%T400 __ 700*
%T790  400%

~ 9.37 (3.16)

However, for example at the gelation point, the ratio of %T at 700 nm to 400 nm varies between
approximately 1.1 and 5, ranging from almost independent of frequency to dependency on the
third power (~5.35) of the wavelength. Thus, as mentioned in previous section, the relationship
between %T and wavelength is more complex than suggested by Equation (3.15), due to the
complex nature of our system, which includes different ions, oligomeric and polymeric species,
particles, aggregates/agglomerates, and pores. Nonetheless, light at 400 nm is more scattered than

at 700 nm, explaining the bluish tint observed in the specimens (recall Figure 3.5).

Combining the results from Figures 3.5-3.7, the general decline in transmission over time is
attributed to the increased light scattering intensity due to the formation and/or growth of colloidal
silicate particles and aggregates/agglomerates, as well as light scattered from gel-pore interfaces.
The continued change in %T post-gelation indicates that the system remains dynamic, with

264 Moreover, the

ongoing particle growth and changes in pore size, a process known as syneresis
differences in optical properties between acidic and basic gels suggest pH-dependent cluster-
cluster aggregation/agglomeration. For example, in the PA 1:1 acidic gel, the sample shows more
than 90% transmittance over the 400-700 nm wavelength range at all times, with a glass-like
transparent appearance. In contrast, the PA 1:1 basic gel shows a decrease in %T to less than 10%
over the same wavelength range, with an opaque appearance 60 minutes after gelation. This

difference in behaviour indicates varying fractal and network structures in these gels, likely due to

differences in the size and connectivity of the silicate particles forming them.

Finally, the light transmittance in basic gels is primarily influenced by pH and WG
concentration, rather than the type of acid initiator used. The transmission spectra of the BA basic
gel over time resemble those of the PA 1:3 gel. Despite starting with a solution concentration of
1:1, which increased to 1:5 after adding the acid initiator solution, it exhibits transmission
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characteristics that align more closely with the average of these concentrations. The gelation time-
pH dependency, however, resembles that of the PA 1:1 sample, indicating variability in

predictability and control.
3.5.3. What do optical properties reveal about gelation Kinetics?

Chemical kinetics concerned with reaction rates are typically defined as the change in
concentration over reactant or product per unit time. Gelation, however, is not a simple chemical
reaction in which two, or multiple reactants, are consumed to form product(s). During sol-gel
transition, silicate particles form and/or grow through polymerization-depolymerization reactions
and these suspended particles cluster and extend throughout the system, forming a gel network.
Aggregation/agglomeration kinetics is controlled by the particle—particle attachment
efficiency, which is the fraction of particle—particle collisions resulting in attachment (through
either physical or chemical interactions) and is dependent on solution chemistry, and the particle—
particle collision frequency287. If we reasonably assume and accept that the transmitted light
decay/increased light scattering is caused by the change in size, shape, and arrangement of
colloidal silicate particles, then we can conclude that monitoring the change in transmittance over

time allows us to study the gelation kinetics.

The light transmittance at an average wavelength of 550 nm is plotted against time for all seven
samples in 8a. The decrease in light transmission continues after the gelation point due to syneresis,
or aging of the gels. When the light transmittance stops changing, it usually indicates that the
reaction is complete. As shown in Figure 3.8a, the curves do not reach a plateau during the testing
duration, indicating that the structural development responsible for the light scattering (syneresis
process) is ongoing. However, their shape suggests that they tend to reach a plateau over longer

periods.
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Figure 3.8 (a) Light transmittance at an average wavelength of 550 nm over time for silica gels made with phosphoric
acid and boric acid at different waterglass concentrations. (b) he first derivative of light transmittance of silica gels
versus time, showing a change in slope around the gelation point. (c) The second derivative of light transmittance of
silica gels versus time, used to more clearly identify changes in the light transmittance rate. The maxima at ~8 minutes

indicate the onset of gelation.
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The %T curves were best fit to a third-order polynomial equation (Table 3.4). The non-linear
model captured varying rates of change in light transmittance, indicating different stages of particle
formation, growth, aggregation/agglomeration, and gel network development. Two stages were
observed over time in Figure 3.8a: Firstly, rapid changes in light transmission up to the gelation
point, followed by slower changes afterward. This change in slope near the gelation point is evident
in in Figure 3.8b, where the first derivative of the fitted equations is plotted. During the sol-gel
transition, the system undergoes massive changes. The colloidal particles move, form connections,
create a 3D network and water-filled pores. Secondly, after gelation, the gel network continues to
grow and densify, but the rate of change is much slower compared to before the gelation point.
The mobility of particles within the gel decreases significantly, leading to a slower change in light

transmission properties.

Table 3.4 The parameters of the third-order polynomials fitted to the light transmittance data of different silica gels.

Acid WG:Water WG Eittod eciation Parameters

catalyst (wt. ratio) (wt%) q b c d
Boric Acid 1:5 Basic 15 25E-6 0.321 -9.155 1197
@ 11 50 -23E-5 0.176 0.193  99.92
@ 13 Basic 25  %T=at’+bt?+ct+td -49E-5 0.081 -4498 1145
Phosphoric 1.5 15 -26E-6 0.041 -2428 1077
Acid @ 11 50 19E-6  0.002 0114 1005
1:3 Acidic 25 %T=at3+bt>+ct+d 51E-6  0.004 0.134 100.7
1:5 15 56E-6 0.10 -0.823 1004

The fact that the light transmission of gels over time can be fit by a polynomial equation raises
the question of such an equation’s suitability for gelation kinetics, and if it is chemically, or
physically, meaningful for the multitude of processes occurring during the sol-gel transition.
Several kinetic models have been proposed to describe the sol-gel process, such as Kinetic Monte
Carlo Simulations®*, as well as diffusion limited cluster aggregation (DLCA) and reaction limited
cluster aggregation (RLCA)!8>28 Qverall, considering the heterogeneous nature of gelation, the
involvement of multiple stages and mechanisms, various influencing factors, the dynamic and non-
equilibrium characteristics, as well as the distribution of particle sizes and shapes, it is not

surprising that no exact analytical solution can be found for treating all kinetic gelation processes.
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The reaction or gelation rate is usually described using power-law or exponential equations and
polynomial equations for kinetics are less common. However, kinetic polynomials have been
proposed as the most generalized form of kinetic equation for complex reactions and is proved to

be consistent from a thermodynamic point of view?*>?**. Unfortunately, as Marin et al.?*!

point
out, the reasoning and details provided in the kinetic polynomial literature are mostly in favor of
mathematical optimization and not very comprehensive of the chemical phenomena being
described. Still, there are a few studies in which gelation time has been reported to be a polynomial
function of the polymer and cross-linker/polymer ratio**?>?3. While a polynomial fit is not the most
traditional model for gelation kinetics, its flexibility in fitting data with multiple inflection points

seems appropriate for the complex systems and suggest additional factors at play. It is important

to note that studying gelation kinetics is usually done by measuring various properties during sol-

294,295 115

gel transition such as particle size or viscosity > or like here, light transmission over time.
However, these properties may exhibit different relationships with the gelation process itself. For
instance, while viscosity in an acidic gel may sharply increase during gelation, light transmission
might show minimal change. Therefore, expecting a single form of equation to universally describe
all aspects of gelation would be impractical. While there exists a known link between fractal
dimension and the type of cluster-cluster aggregation (DLCA vs RLCA) ?*°, no universal

mathematical relationship exists for aggregation and light transmission.

Another reason to scrutinize a polynomial model of light transmittance over time is in the
model’s potential to predict the gelation point. There are a number of studies that have used
difference in light transmission/scattering to define gelation point!®%2°7-2%8_ For instance, Boschel
and Roggendorf'®® found that the first derivative of transmission obtained by UV-VIS
spectroscopy may be used as a useful indicator of the gel point in borosilicate gels. Derivative
spectrophotometry, involves differentiating a normal spectrum, and has been shown to be an
effective method for enhancing the time resolution®®®. This technique highlights subtle spectral
features by presenting them in a visually more accessible way and reducing the effect of spectral
background interference. in Figure 3.8c reveals that interestingly, the second derivative of
transmittance versus time of gels show a maximum at around 8 minutes, which closely aligns with
the 10-minute gelation time obtained by tube inversion method. This maximum in the second

derivate curve suggests a rapid change, or inflection, in the rate of gelation at the gelation point,
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which is also evident in the first derivate, though less obvious. The slight discrepancy in timing
between the two methods of gel-point determination arises because the tube inversion method
identifies the point at which the gel becomes completely rigid, while the point obtained through

light transmission may signify the onset of gelation.

The PA 1:1 acidic gel stands out as the only sample that remains transparent even after gelation.
However, even for this sample, there is a subtle change in the slope at the gelation point. This
change can be intensified in a semi-log graph, as illustrated at right in in Figure 3.8c. Continuing
the derivate to higher orders is another way to improve time resolution. It should be noted that if
using the fourth derivative of transmittance as a function of time that the gelation point will occur
when the fourth derivative equals zero—corresponding to the maximum or minimum of the third
derivative. Overall, the results suggest that light transmission over time during the sol-gel
transition can be used to detect gelation point, marked by a significant decrease in rate of change
of light transmission. However, depending on the processing condition, this change may be easily
observed in the raw data set, or that multiple derivates may be needed to improve the time

resolution and therefore precise determination of the gelation point.

3.5.4. Relationships between gel structure and optical properties

How do the size of silicate particles, aggregates/agglomerates, pores, and the overall gel
network arrangement affect optical properties? In this section, we aim to establish connections
between qualitative and quantitative observations of optical properties and the microstructure of

the gels.
3.5.4.1. Acidic versus basic gels

As mentioned earlier, acidic gels generally scatter less light compared to basic gels, which is

consistent with prior studies''®

. At the highest silica concentration (1:1 ratio), basic and acidic gels
represent two extremes: 60 minutes after gelation, the PA 1:1 basic gel becomes practically opaque
(8.7% T at 550 nm), while the PA 1:1 acidic gel remains largely transparent (96.2% T at 550 nm).
These gels also exhibit the lowest and highest pH among all samples (3.36 for acidic and 10.63 for
basic). The difference in transparency at similar wavelengths is attributed to how the silicate

aggregates/agglomerates form a 3D network. SEM micrographs clearly show the difference in

these gels’ microstructures (see in Figure 3.8a): the PA 1:1 acidic gel is dense and compact, while
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the PA 1:1 basic gel has a uniform porous structure with pore diameters ~ 2 um. It is important to
note that the PA 1:1 acidic specimen cannot be free of pores; both 1:1 hydrogels contain the same
amount of water trapped inside the pores before freeze-drying. Therefore, the pores in the acidic
gel are too small to be seen clearly. Moreover, the pores are not just filled with pure water; they
may contain silicate monomers and/or oligomers, sodium ions, and ions from the acid, which
remain inside the pores after water evaporation, filling some of the space. The compact structure
of the PA 1:1 acidic gel gives it an almost glass-like appearance, suggesting that the refractive
index of its aggregates/agglomerates closely matches that of the solvent in the pores. The
compactness of a 3D structure made of almost spherical particles forming aggregates depends on
many factors, including particle and aggregate/agglomerate size, particle and
aggregate/agglomerate size distribution, the type and amount of bonding between the particles.
Thus, the contribution of all of these parameters have made acidic gels glass-like features, likely
composed of smaller particles that form smaller aggregates/agglomerates and smaller pores,
resulting in less light scattering. In contrast, the PA 1:1 basic gel is made of larger particles and
larger aggregates/agglomerates with larger pores in between that scatter light more effectively,
resulting in reduced transmission and increased opacity. Larger aggregates/agglomerates also
contribute to the formation of larger pores compared to acidic gels. The difference in the initial
size of silicate particles in these gels is influenced by pH, which governs the polymerization-
depolymerization reactions in waterglass, thus influencing the gel's microstructure and optical

properties.
3.5.4.2. Effect of concentration and type of acid initiator

Two opposing trends are observed for acidic and basic gels: 1) as the water conent increases
(waterglass:water ratio decreases), light transmission increases in basic gels but decreases in acidic
gels. In other words, basic gels scatter less light while acidic gels scatter more light as silica
concentration decreases. It appears that at some point above the waterglass:water ratio of 1:5, the
light scattering of basic and acidic gels tends to converge. This opposing trend is evidenced in in
Figure 3.8a, where the %T, appearance, Tyndall effect and SEM micrograph of gels can be
compared 60 minutes after gelation. When examining the gels’ microstructures, we see that gels
in both acidic and basic groups become more porous and less uniform upon dilution. So why do

these trends appear to be opposite?
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Concentration is not the only factor changing herein; in each group, pH is also adjusted with
concentration to achieve the same gelation time across all specimens (recall Figure 3.3). However,
the trend of pH change in the two groups is opposite; in the basic group, pH decreases upon
dilution, while in the acidic group, pH increases upon dilution. This difference in pH adjustment

affects the particle size, contributing to the observed optical-related trends.

Particles and aggregates/agglomerates are not the only scatterers in these sol-gel systems. Once
past the gelation point, pores form and also scatter light. The level of porosity (pore volume
fraction) and the pore size, and size distribution, as well as the presence of other phases with
different optical properties in the pores, all affect light scattering. Although both pore size and
porosity increase from a waterglass ratio of 1:1 to 1:5 in both acidic and basic gels, the rate of
increase is dissimilar due to different starting pore sizes. For instance, the pores in the acidic 1:3
gel are still much smaller than those in the basic 1:3 gel. However, both the 1:5 acidic and basic

gels exhibit similar microstructures and pore sizes (>10 um).

According to Hitbalova and Pabst *%, the van de Hulst approximation®*! is the only model that
predicts both the decrease in light transmittance with increasing pore size in the small-size region
(i.e., smaller than the wavelength) and the increase in transmittance with increasing pore size in
the large-size region (i.e., larger than the wavelength). This model and experimental data show
that light transmittance is minimal when the pore size is around the wavelength of the light used,
with a steep increase towards maximum transmittance in the small-size region. For larger pore

sizes, the increase in transmittance is more gradual and does not reach maximum levels.

In basic gels, the pores are at least 10 times larger than the wavelength, so according to the van
de Hulst approximation, light scattering by pores decreases with increasing pore size from a
waterglass ratio of 1:1 to 1:5. This trend in pore size explains the increase in total light transmission
in basic samples with dilution, as both scattering by particles—due to the decrease in silica
concentration and number of particles—and scattering by pores decrease, regardless of any
changes in particle size caused by the pH decrease (~1). In acidic gels, the situation is different.
The pores in acidic 1:1 and 1:3 gels fall into the small-size region where the pore size-scattering
slope is negative, causing the 1:3 gel, with larger pores, to scatter more light compared to the 1:1
gel. In the 1:5 acidic gel, the pores are in the large-size region and scatter light similarly to the

basic 1:5 gel, more than both the 1:1 and 1:3 gels. The acidic 1:5 gel scatters more light even before
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gelation, which could not be related to pores. This effect is likely due to the large difference in

particle size in the 1:5 gel compared to the other two, because of the significant pH difference (~2).

3.6. Conclusion

In this study, we have shown that gelation kinetics of sodium silicate solutions could be

controlled by adjusting the processing conditions. To optimize waterglass gelation kinetics and the

final gel microstructure for enhanced performance as a binder phase in composite bone scaffolds,

the effects of pH, waterglass concentration, and type of acid initiator were investigated. Key

findings include:

Gelation time changed exponentially with pH in the basic region and fit third-order
polynomials in the acidic region, peaking near pH 2. The fitted equation parameters varied
with waterglass concentration, allowing prediction of gelation time for any given

concentration and pH.

A wide range of target gelation time could be achieved in both acidic and basic regions.
The specific pH for the target gelation time could be adjusted toward neutral pH by

decreasing the initial waterglass concentration.

Studying the optical properties of gels, while not directly critical in bone tissue engineering,
provided insights into gelation kinetics and microstructure, which influence essential

properties such as setting time, porosity, and presumably mechanical strength.

With BA, being weaker than PA, 28-38 times more volume of acid was needed to adjust
the pH and only basic gels could be made. Overall, the gelation kinetics, optical properties
and microstructure of BA basic gel was similar to what was observed for PA basic gels,
highlighting that the effect of pH and waterglass concentration on the gelation process is

more significant than the type of acid initiator used.

Based on light transmittance data and SEM micrographs, acidic gels likely are composed
of smaller particles, forming smaller aggregates/agglomerates and pores with less light
scattering, while basic gels have larger particles forming larger aggregates/agglomerates

and pores leading to more light scattering and opacity.
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o UV-VIS spectroscopy was useful for indicating the gel point, marked by a rapid change in
light transmittance over time. Differentiating light transmittance spectra using various
orders of derivatives enhanced time resolution for precisely and accurately determining the

gelation point.
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Chapter 4: Molecular Structure Determination of Acid-initiated
Sodium Silicate Sol-Gels via Real-time Raman Spectroscopy

4.1. Abstract

Silica gels derived from sodium silicate solutions (waterglass) can be fashioned into in-situ
setting composite bone scaffolds with adjustable properties. However, the relationship between
their molecular constitution and final properties under varying processing conditions remains
poorly understood. This study investigates acidic and basic silica gels formed by reacting
waterglass of different concentrations (15-50 wt.%) with boric acid and phosphoric acid, aiming
to correlate molecular structure with the resulting microstructure. Raman spectroscopy was used
to monitor chemical and structural changes during sol-gel transition in real-time, complemented
by quantitative analysis of silicate species using 29Si NMR-identified spectral interpretations. It
was found that basic gels primarily consist of higher-order silicate rings (~60-72%) dominated by
Q’ (~53-80%), Q* (~10-17%), and Q° (~5-34%) units. Conversely, acidic gels exhibit lower-order
silicate rings (~70-80%) with predominant Q? (~62-80%) and Q° (~20-38%) units. Particle
agglomeration was found to occur through physical interactions, leading to different structures
depending on the pH: basic gels form large, loosely agglomerated secondary particles contributing
to large-pore gel networks, while acidic gels yield compact, smaller-pore networks. The presence
of water facilitates hydrolysis in acidic conditions and polymerization in basic conditions. This
study enhances the understanding of waterglass gelation by monitoring the changes and
interactions in molecular structural units during sol-gel transition. We demonstrate the significant
impact of pH and processing conditions on the final gel structure, which can be tailored to meet

specific requirements for bone scaffolding applications.

4.2. Keywords

Sodium silicate solution, Sol-gel, silica gel, molecular structure, Raman spectroscopy

4.3. Introduction

Silica gels are amorphous forms of silica, and can be described as a coherent, rigid three-
dimensional network of contiguous particles of colloidal silica, which are formed by the
polymerization of silicic acid, or by aggregation/agglomeration of particles of colloidal silica 2.

Silica gels can be prepared by the sol-gel method using a variety of starting materials as the silicon
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source. Silicon alkoxides such as tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) are
common precursors for silica gels, but their high cost and hazardous nature pose challenges®*3%.
In contrast, sodium silicate solution, also known as waterglass, stands out as an economical and
non-toxic source for obtaining silica gels—it is a commodity product and is often used in food

products and biomedical application 246-264.304.305

Silica gels are suitable materials for bone tissue engineering due to inherent characteristics such
as biocompatibility, high and tailorable porosity, active surface functionalities, mechanical
strength, and bone bonding abilities****%*, The binder characteristics of waterglass before
transitioning into a gel, and its tunability in physicochemical properties after transitioning into
silica gel, can aid in developing a formable composite bone scaffold that can be tailored to fit any
bone defect and sets in situ into a porous 3D structure, promoting bone tissue regeneration. Based
on this concept, a design was explored in our lab where 45S5 glass powder was combined with a
sodium silicate solution binder to create a formable paste which sets upon exposure to CO2 gas in
the ambient air to harden into a rigid bone scaffold®*!?2, To optimize clinical applicability, we
accelerated gelation from 10 days to 10 minutes by combining waterglass with boric acid (BA) or
phosphoric acid (PA) as acid-initiators before mixing with bioactive glass. The effects of pH,
waterglass concentration, and type of acid-initiator on gelation kinetics, gels’ optical properties,
and microstructure were investigated in chapter 3. It was found that the target gelation time of 10
minutes could be achieved in both acidic and basic regions, with the specific pH for the target
gelation time adjustable toward neutral by decreasing the initial waterglass concentration.
Moreover, the effect of acid initiator was found to be insignificant. Studying the optical properties
of gels, while not directly critical in bone tissue engineering, provided insights into gel formation
and porosity: acidic gels consist of smaller particles forming tightly packed
aggregates/agglomerates with less light scattering, while basic gels have larger particles forming
less dense and larger aggregates/agglomerates, leading to more light scattering and opacity.

Despite these findings, the molecular constitution of silica gels remains poorly understood.

Little is known about the molecular constitution of amorphous silicates. Iler's theory!®? is a
widely accepted classic theory for silica gelation, which outlines three stages of polymerization
for sol-gel transition in silica-water systems: 1) polymerization of Si(OH)4 monomers to oligomers

and particles, 2) particle growth, and 3) particle aggregation leading to formation of 3D gel
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structures. However, when applying Iler’s theory to gelation in sodium silicate solutions, notable
differences emerge. The gelation process in sodium silicate solutions does not solely begin with
monomeric Si(OH)s species; there is already a diverse range of silicate species, including
monomers, low-order oligomers (such as dimers and trimers), and more complex polymerized
networks, all based on Si(OH). tetrahedra. These silicate species exist in a dynamic equilibrium,
with variations in bridging oxygens (BO) and non-bridging oxygens (NBO)*** (see Figure 4.1a),
exhibiting varying degrees of connectivity (see Figure 4.1b). So far, forty-eight possible structures
have been identified using 2°Si Nuclear magnetic resonance spectroscopy (NMR) spectroscopy in

silicate solutions!?7-108,306

, with the most definitive forty-five shown in Figure 4.1c. Gelation in
sodium silicate solutions is significantly influenced by the presence of sodium ions and the

diversity of silicate species, resulting in a complex gelation process.
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Figure 4.1 (a) Schematic representing two silicate tetrahedra connected by sharing a bridging oxygen (BO) and a
sodium ion compensating a charge near a non-bridging oxygen (NBO). (b) Schematic showing different silicate
structural units labeled as Q", where Q represents a fourfold coordinated silicon atom and n indicates the number of
neighboring silicon atoms linked through a bonding oxygen atom. (c) Silicate structures identified in aqueous silicate
solutions by Si NMR, proposed by Knight et al.!” Balls and sticks represent silicon atoms and oxygen bridges
between silicon atoms, respectively, with NBO omitted, re-drawn from!'?’. The fraction of Q connectivity in silicate
tetrahedra in each structure was calculated and is presented as a bar graph beneath each structure. The silicate species
have been divided into 3-membered ring structures, 3,4-membered ring structures, 4-membered ring structures, and
5-membered ring structures, based on the number of rings present in their structure. More details can be found in

Section 3.1.2.
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Silica gel formation in waterglass is believed to initiate by destabilizing the solution with acids,
(HX) which triggers the partial neutralization of Si-O” Na" ion pairs, leading to the formation of
reactive silanol groups and salts (Equation (4.1)). However, such an oversimplified equation
doesn't capture all the simultaneous processes occurring in these solutions. Both the formation of
reactive Si—-OH groups and overcoming of repulsive interactions between silicate species are
prerequisites for aggregation/agglomeration of colloidal silicate particles and gel formation, and
are mainly governed by the pH. The formation of silicate aggregates/agglomerates and their
continuous growth during sodium silicate gelation have been reported in SAXS and TEM
studies! 181184185 Degpite clear evidence of silicate particle aggregation/agglomeration leading
to a 3D network that entraps solvent, the nature of molecular chemical interactions among
particles, between particles and aggregates/agglomerates, and among aggregates/agglomerates
during silica gel formation in waterglass is less understood. The fact that silica solutions do not
conform to the DLVO! theory, which explains the aggregation and kinetic stability of aqueous
dispersions as the sum of a weak attractive (van der Waals) and a repulsive (double layer)
potential, complicate matters further!'®2%, For a detailed discussion on the current understanding
of the structure and speciation of sodium silicate solutions and silica gels, and the existing gaps in

the literature, the reader is referred to our recent review paper>**,

= Si0~Na* + HX — = SiOH + NaX (4.1)

Moreover, the classification of silica gels as either physical or chemical gel remains unclear.
Generally, hydrogels are classified based on the nature and durability of their bonds. Physical gels

are reversible due to the conformational changes and are achieved by agglomeration of particles

, whereas chemical gels are irreversible and are a result of aggregation of particles**’. It should be
noted that in this study, an agglomerate corresponds to the case when the dispersed particles are
held together by weak secondary bonding and physical interactions such as hydrogen bonding and
van der Waals force. An aggregate on the other hand, is comprised of strongly bonded colloidal
particles by strong primary bonds such as covalent bonds. In silica gels, both formation of Si—
O—Si covalent bonds and physical processes such as hydrogen bonds or Van der Waals forces

may occur between particles and aggregates, making their classification ambiguous. Researchers

i Named after Derjaguin, Landau, Verwey, Overbeek
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have reported the formation of both “reversible” and “irreversible” silica gels from sodium silicate
solution in different pH and silica concentrations?¢°2%3% However, the exact boundary between
these two types of gels and the definition of the so-called reversibility in these studies is ambiguous

and is not directly linked to the nature of interactions among silicate particles/aggregates.

A useful chemical analysis technique that provides detailed information about chemical

structure and interactions is Raman spectroscopy, which has been successfully applied for

114,149,152’ ge1165,310,311 312-314

characterisation of silicate species in solution , and glass states.
However, a drawback of using Raman spectroscopy for aqueous silicate solutions and gels is that
interpretations of such spectral features are still limited due to the lack of well-established physical
principles accurately describing vibrational modes in non-crystalline networks. Serious concerns
and questions remain on the adequacy of widely cited and used peak assignments and
interpretation schemes based on the analogy with molecular or cluster models®'*3!6. Although
some advances have been made through theoretical calculations of vibrational spectral features of
amorphous networks and comparisons of computational results with experimental data3'”-3!8 it
remains challenging to calculate the Raman susceptibility of silicates within a molecular modeling
framework. This challenge is due to the complexity of the dynamic structure of silicates and the
high sensitivity of the calculation results to force and bond parameters. Despite these challenges,
Raman spectroscopy offers advantages such as high speed and non-destructiveness, making it
suitable for studying sol-gel transitions. Real-time investigations during gelation could provide
additional insights into the waterglass sol-gel transition and the impact of processing parameters
on molecular structure. Surprisingly, to the best of our knowledge, real-time Raman spectroscopy

320,321

studies on silicate species are limited to silicate glasses®!’, silicon alkoxides , silicate

322-324 and have

solutions®??, geopolymers'®®, and silicate melts at high temperatures and pressures
not been employed to study sodium silicate solution sol-gel transition. Here, we use real-time
Raman spectroscopy to investigate the effects of pH (acidic vs. basic), initial WG concentration,
and type of acid initiator on the sol-gel transition and structure of the final gels—all within the

same gelation time.

As the materials science paradigm highlights the correlations and relationships between
processing, structure, properties, and performance it is crucial not only to investigate the molecular
structure—examining the evolution of silicate species, the interactions within clusters, and the
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final network structure they form—but also to correlate these structural changes with both
processing conditions and final properties. However, a significant portion of current research tends
to focus either on the direct connection between processing methods and material properties, or
solely on structural analysis without integrating processing and properties. The process of
preparing silica gels seems to rely more on experience rather than on a solid scientific
understanding of the preparation conditions and controlling properties. For instance, researchers
have studied the effect of different processing parameters such as sodium silicate solution
concentration and SiO2/Na2O ratio %, pH 13209325 temperature '*1'!3, type of acid initiator?’?,

and presence of metal ions 191207

on a variety of properties such as gelation time, viscosity, and
the final gel morphology and porosity. However, the influence of these parameters on the
molecular structure of resulting gels remains insufficiently explored. Specifically, suspicions about
potential differences in the molecular structures of acidic and basic gels have been around for
decades due to the noticeable variations in their properties. Yet, most of the studies have focused

on silica gels derived from alkoxides!?%-326-328

rather than sodium silicate solutions. It is important
to note that polymerization and gelation processes differ between alkoxides and waterglass due to
the diversity of silicate species involved. Even among different alkoxides such as TMOS and

TEOS, the oligomerization pathways have been found to be significantly different®**3%,

Our goal is to improve the quantitative understanding of silica gel molecular structure and
aggregation/agglomeration of particles into a gel to better control waterglass gelation and predict
its properties in the gel state under different preparation conditions, such as pH, sodium silicate
concentration, and type of acid initiator. Achieving consistent gelation times in both acidic and
basic pH environments underscores the importance of investigating how pH affects the chemical
structure and, consequently, the final gel properties, including microstructure and mechanical
characteristics. These properties of the silica gel, to be used as a binder, directly influence the
properties of bioactive glass composite scaffolds, such as setting time, porosity, and mechanical

strength, which are crucial for bone scaffolds.
In the discussion, we aim to answer the following questions:

1. How can insights about identifying silicate structural units from 29Si NMR help resolve
the uncertainties regarding peak assignments in Raman spectra of silicate solutions and

gels?
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2. What insights can real-time Raman spectroscopy provide into the sol-gel transition and
structural evolution of silicate species in sodium silicate solutions prior to, during, and after
gelation?

3. What role do attractive interactions, including Si-O-Si covalent bonds and physical
processes like hydrogen bonding, play in the aggregation/agglomeration of colloidal
silicate particles and the formation of silica gels? How do these interactions influence the
classification of silica gels as physical or chemical?

4. Do acidic and basic gels, with the same gelation time, differ in microstructure, and if so,
how are such differences correlated with the effects of pH, waterglass concentration, and

type of acid initiator on their molecular structure?

4.4. Materials and methods

4.4.1. Preparing samples for Raman spectroscopy

The starting commercial sodium silicate solution (Sigma-Aldrich, CAS number: 6834-92-0),
St. Louis, MO, U.S.A) had the following characteristics: [S102] = 26.5 wt.%, [Si] = 6.13 mol/l;
relative density = 1.39 g/l; pH = 11.9; S102/Na20 molar ratio = 2.57. The acid initiators used were:
phosphoric acid, 85% solution (Fisher Scientific, CAS number:7664-38-2, Toronto, ON, Canada)
and boric acid powder, > 99.5% (Fisher Scientific, CAS number: 10043-35-3, Toronto, ON,
Canada).

With the goal of creating a formable, in situ setting bioactive glass-waterglass composite bone
scaffold, the effects of pH (2-11), waterglass concentration (15-50 wt.%), and acid initiator type
(phosphoric acid and boric acid) were investigated as independent variables to optimize the setting
time to a clinically practical range of approximately 10 minutes in chapter 3. It was found that the
target gelation time of 10 minutes can be achieved at a single basic pH using boric acid and at
various pH levels in both acidic and basic regions using phosphoric acid by adjusting the
waterglass concentration, resulting in seven different specimen compositions, detailed in Table

4.1.
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Table 4.1 Composition and pH of gels made with boric acid and phosphoric acid, with a gelation time of ten minutes,

containing water, waterglass, and an acid solution.

Acid WG:Water WG Acid content pH 5
catalyst (wt. ratio) (9) (M) (min)
Boric Acid 1:5 Basic 3.34 14000 10.60 10
@ 11 10.00 545 10.63
) 1:3 Basic 5.00 360 10.35 10
Phosphoric 1:5 3.34 300 9.70
Acid @ 11 10.00 2800 3.36
1:3 Acidic 5.00 1300 4.80 10
1:5 3.34 825 5.30

To prepare the specimens, we first created the dilute waterglass solutions by adding DIUF water
to the commercial solution at room temperature under magnetic stirring to achieve waterglass-to-
water weight ratios of 1:1, 1:3, and 1:5. Next, we prepared the acid solutions: a 0.7 M boric acid
(BA) solution by dissolving 4.3 g of BA powder into 100 ml of DIUF water, and a 14.8 M
phosphoric acid (PA) solution by mixing 11 g of 85% PA solution with 1 ml of DIUF water. Then,
the acid solutions were added to initial diluted waterglass solutions at room temperature under
magnetic stirring. Depending on the volume needed, a 20 ml syringe, 3 ml syringe, and 1000 pl
micropipette were used to add the acid solutions. The mixtures were stirred for one minute and
then transferred to 3.5 ml wells of a 48-well polystyrene plate to obtain Raman spectra instantly.
The rest of each mixture was transferred to 30 ml glass beakers to double-check the gelation time

by the tube inversion method (as described in section 3.4.4.).

4.4.2. Raman spectroscopy
4.4.2.1. Experimental

The Raman spectra were recorded using a Renishaw inVia Qontor confocal Raman microscope
(Renishaw Engineering Company, Wotton-under-Edge, U.K.). Preliminary experiments were
performed to optimize the experiment parameters, including the laser wavelength, laser power,

exposure time, and number of accumulations (see Supplementary data).

Details of eliminating peaks coming from the well plate is provided in Supplementary data.
Prior to each scan, spectral calibration was verified using an internal silicon standard with a Raman

shift at 520.2+0.5 cm™'. Based on the results of preliminary experiments, the 532 nm (50mW)
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laser was operated at 50% power and focused on the solutions’ surface through a 5x objective lens.
The spectral range was 157.99 to 1364.02 cm™! centered at 800 cm ™!, using gratings of 2400
grooves/mm. This setup ensured that the most intense peaks of the silicates were captured with a
spatial resolution better than 300 nm and an axial resolution better than 2 um . We set the exposure
time for each scan at 1 second and accumulated 60 scans, with a 60-second interval between each
scan. A total of 9 series of spectra were acquired from each specimen, with the first spectrum
obtained at two minutes after mixing the waterglass with the acid solutions, and the last one 8
minutes after gelation. For each of the seven specimens, three replicates were measured, and their
Raman spectra were averaged to ensure consistent results. All data acquisition was performed
using Renishaw WiRE™ v 5.2 software (Renishaw Engineering Company, Wotton-under-Edge,

UK)

4.4.2.2. Pre-processing
The Raman results were subjected to the following data processing steps to make the spectra

ready for further data analysis and interpretation:

(1) Baseline correction: The spectral background, which contained a

background profile attributed to fluorescence emission, were removed using a
polynomial fit. The advantages of polynomial fitting are its simplicity, effectiveness,
and its ability to retain the spectral contours and intensities of the input Raman spectra.
The spectra were first corrected by eliminating the wavenumbers lower than 350 cm™,
and then subtracting the baseline, which was modelled by fitting a 5 order polynomial
to the spectral region between 350-1350 cm™. The region below 350 cm™ was omitted
from the Raman spectrum due to a significant baseline elevation, likely attributable to
Rayleigh scattering; excluding this region mitigates the impact of Rayleigh scattering,
thereby enhancing the clarity and precision of the spectral information in the more

relevant wavenumber range.

(i1) Normalizing: the spectra were normalized using an integrated signal, in
which intensity values are modified so that the sum of all values in the given dataset is
1. while normalizing by intensity range (0 to 1) is a more common method, it may not
account for differences in total signal strength, as it scales each spectrum to the same

range regardless of the overall signal intensity. Using integrated signal normalization
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on the other hand, ensures the entire signal is considered, providing more accurate and

meaningful comparisons between different specimens.

(111) Smoothing:. Smoothing was performed using the Savitzky—Golay method,

a local second-order polynomial regression with an eight-point window.
All pre-processing steps were performed using Renishaw WRE v.5.2 software.

4.4.2.3. Analyzing

Interpreting Raman spectra of silicates in amorphous or solution forms poses a challenge due
to the presence of broad, overlapping bands and potential frequency shifts resulting from changes
in the environment surrounding the Si-O bonds. To address this, Mysen et al. 3** suggested a
statistical approach, assuming that all Raman bands are symmetric and Gaussian, and that a single
(statistically the best) combination of Gaussian lines exists, which has since been widely adopted
in the field®?*?31332, Few studies have suggested that a Lorentzian fit is a more realistic
approach®3334 In our study, we experimented with both Gaussian and Lorentzian fitting
techniques. Ultimately, Raman peaks were fitted with Gaussian curves as it provided a better fit,

indicated by R? value closer to 1.

However, a Gaussian fit might lead to very different peak linewidths. In response, some
researchers have modified this approach by constraining the full width at half maximum (FWHM)
of peaks to the range of 35-55 cm™! for silicate glasses®*>. In this study, the FWHM was constrained
between 15-75 cm™. This range was chosen because it reflects a range of linewidths larger than
that used for silicate glasses, taking into consideration the broadening in linewidth in aqueous
medium compared to the solid state. The number of Gaussian curves was not limited in this study
because the vibrational modes in silicate solutions can be more complex and diverse due to their
dynamic nature and possible interactions between different silicate species and/or with water or
ions. Overall, we believe that a more flexible approach to peak fitting allows for a more accurate
depiction of the complex vibrational spectrum and the interactions within the solution, so long as
all the underlying mechanisms and physical meanings are considered. The Gaussian curves were
fit to each spectrum using the nonlinear fitting tool in Origin (Pro), 2021 (OriginLab Corporation,
Northampton, MA, USA). Fitting parameters were iterated until the fit converged, with R? values

ranging between 0.9 and 1. Peak centers, FWHM, area under the peaks, and area percentage were
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obtained for each deconvoluted peak from the modeled spectra for all waterglass solutions and gel
specimens. All Raman data were plotted using Origin (Pro), 2021. Error bars for the Raman
spectroscopy bar graphs were calculated using the standard deviation of the mean for a sample size

of N=3.

4.4.3. Scanning Electron Microscope

Scanning electron microscopy (SEM) was employed to image and compare the packing,
porosity, and morphology of gels with a target gelation time of 10 minutes. The goal was to find
correlations between the molecular structure and microstructure of the gels prepared with different

processing conditions.

To prepare the samples, fresh mixtures of waterglass solutions of different concentrations and
acids were made and poured into 1x1x1 cm? silicone molds, where they were allowed to gel. 60
minutes after the gelation point, the samples were immersed in liquid nitrogen to freeze. After
freezing, the samples were dried using a Savant SuperModulyo Freeze Dryer (Mechatech System
Ltd, Thornbury, Bristol, U.K.) at a temperature of —40°C and a pressure of ~0.08 Torr for 12
hours. Prior to imaging, the specimens were sputtered with gold using Denton Desk II (Denton
Vacuum, Moorestown, NJ, U.S.A) for 90 seconds, resulting in a 12 nm gold coating to reduce
charging. Imaging was conducted in Secondary Electron (SE) mode with a Zeiss EVO MA10 SEM
(Carl Zeiss AG, Oberkochen, Baden-Wiirttemberg, Germany) equipped with a LaBe filament.

4.5. Results and discussion

4.5.1. Peak assignments

The Raman spectrum of the commercial sodium silicate solution (WG, as is) is shown in Figure
4.2a. To enhance peak identification and quantitative structural analysis, Gaussian curve fitting
was applied to deconvolute the Raman spectra into their constituent components. Assigning peaks
in this complex and dynamic system presented significant challenges. The first step was
identifying potential silicate species in sodium silicate solutions, which aided in understanding the
possible chemical and physical interactions and interpreting structural changes during gelation.
Such knowledge was crucial for navigating the complexities of broad Raman peaks, where
multiple assignments were possible, ensuring the selection of the most plausible and probable

option. The most reliable reference for species identification is the comprehensive set of structures
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derived from °Si NMR data, particularly relevant due to its proximity in concentration to our study
(recall Figure 4.1c). Although it is not possible to quantitatively distinguish the contributions of
each of these oligomers in the Raman spectrum, the NMR data can guide the assignment of Raman
bands. While Raman spectroscopy does not offer the same molecular specificity as NMR
spectroscopy, it can quantitatively interpret the degree of connectivity and bonding arrangements
of silicate species. In both techniques structural units are described by "Q-units," labeled as 0",
where Q represents a Si(OH)a tetrahedron, and 7 indicates the number of neighboring silicon atoms
linked through an oxygen atom'?>!3°. In other words, each Q" structure consist of (n) BOs and

(4—n) NBOs (see Figure 4.1b).
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Figure 4.2 (a) The Raman spectrum of the commercial sodium silicate solution (WG, as is) and the bands obtained
from deconvolution of spectrum by Gaussian curve fitting, and the Q" species and ring structures assigned to each. (b)
the Raman spectra of WG in its original state and when diluted to different waterglass:water weight ratios. (c) Changes
in the fraction of Q" species and ring structures present in waterglass upon dilution, calculated from the area under the
peaks in the deconvoluted spectrum. The results show that waterglass is mostly composed of Q* connections and with
no specific dominant ring structure. Silicate species depolymerize upon dilution. The error bars represent one standard

deviation from the mean (N=3).
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Generally, Raman spectra of silicates can be broken down into high-frequency and low-
frequency regions. The high-frequency region (equivalent to 700-1200 cm™) is associated with
symmetric and asymmetric Si-O stretching vibrations, corresponding to the Q" connectivity of the
tetrahedral [SiO4] building blocks. The low-frequency region (equivalent to 400-700 cm™) is
associated with Si-O-Si bending and the inter-tetrahedral Si-O-Si linkages. Although there are
several publications that have used Raman spectroscopy to study silicate solutions and gels
149.158,162,322.324.336-339 " some aspects of the interpretation of Raman spectra remain uncertain.
Unfortunately, certain Raman band assignments were mainly developed for solids (i.e., silicate
crystals and glasses). Even in the case of Raman analysis of silicate glasses, where there appears
to be a general consensus, some researchers have raised concerns about the adequacy of widely
cited peak assignment and interpretation schemes®'>3%°, Band assignment ambiguities arise from
several factors: (1) the abundance of potential species with diverse vibrational modes, local
fluctuations in bond angles and lengths of structural units, as well as the randomness in their
connectivity that results in broad overlapping bands; (2) the oversight of dissociation and
neighboring (second shell) connectivity; and (3) absence of a standardized method for curve fitting
and failure to constrain peak numbers or linewidths which contribute to a wide array of possible

fits.

Figure 4.3 displays the peaks obtained from the deconvoluted spectrum of waterglass, compared
with the peak ranges assigned to different structural units in both high- and low-frequency regions
of the Raman spectra of silicate glasses, silicate solutions, gels, and other silicate materials (such
as zeolites and alkoxides) according to the literature. As can be seen, although these assignments
are generally consistent, they can be broad and often overlap, making it difficult to assign peaks
with complete certainty. To achieve the most accurate peak assignments possible, we go beyond
simply replicating widely cited peaks. Instead, we verify our findings by comparing and validating
them with the silicate species present in WG, as indicated by NMR results from previous studies.
We also question the origins of widely cited peaks to determine if they are appropriate references
for our system. Additionally, we correlate the spectral features from low- and high-frequency
regions to ensure that both kinds of identified species (including ring structures at low-frequency,
and Q connectivity at high-frequency) are consistent with the overall structural framework.

Moreover, we correlate our results with data obtained from physical and microstructural properties
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to complete the picture. The peak centers (Xc), peak width (FWMH), and species assigned to each
deconvoluted peak is presented in Table 4.2 for all waterglass solutions and gel specimens. In the

following sections, these peak assignments in high- and low-frequency regions are discussed in

detail.
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Figure 4.3 Comparison of the peaks obtained from the deconvoluted spectrum of waterglass (indicated by dashed
lines) with the peak ranges assigned to different structural units in both high- and low-frequency regions in silicate

and other silicate
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materials according to the literature. In the high-frequency region, peaks are assigned to Q°-Q* units, while

in the low-frequency region, they are assigned to 3-, 4-, and 5-membered rings and double rings.

123



Table 4.2 the peak centers (X, cm™ "), peak widths (FWHM, cm ™), different species assigned to each peak obtained
from the deconvoluted spectra of waterglass solutions (WG as is, and diluted to different waterglass:water weight
ratios), gel specimens (basic and acidic gels made with phosphoric acid (PA) ,and boric acid (BA) using initial

waterglass solutions with different waterglass:water weight ratios).

Waterglass Basic gels Acidic gels
(cm-) ® WG WG WG WG BA @ PA PA PA @PA PA PA
1:1 1:3 1:5 1:5 1:1 1:3 1:5 1:1 1:3 1:5
Q? [ Xc 1042.9 1043 1043 10438 10329 10369 10316 1032 - - -
L FWHM 521 50 50 50 493 51.6 50 55 - - -
Q2 Xc 996.4 998 1001.5 1001.4 980 980 980.2 - 984 984 984
L FWHM 50.8 50 42 52 52.8 50 50 33.6 40 40
Q! Xc 883.4,8405 8589  865.1 853.6 858.1 - 880.2 - - - -
| FWHM 39,43.2 64.2 70 75 46 - 65.9 - - - -
Qo [ Xe 7795 7801 780 779 780.8 7808 786.1 7849 7849 7874 787
FWHM 18.2 221 26 25 30 236 18.7 488 599 40 442
3R [ Xc 594 5939 5925 597.6 - - - 585.7 570 570 570
| FWHM 50.6 55.4 64.4 48.8 - - - 73.7 55 494 50
34R [ Xc 534.8 5343 5311 530.6 508 512 498.2 508 4924 491 491
’ | FWHM 44 40.9 41.8 48.8 51.7 50 42 40 306 419 50
4R [ Xc 4915 4918 4892 485.8 450 455.8 450 450 450 450 451.8
| FWHM 524 55.8 43.7 41.6 51.7 55 42 55 50 40 50
5R [ Xc 438 4343 4377 435 415 415 415 - - - -
| FWHM 57.6 62.7 67 65.1 51.7 60 42 - - - -

4.5.1.1. High-frequency region

Within the high-frequency region, Raman bands are often deconvoluted into four components:
Q*species at 1200 cm™!, Q? species at 1050~1100 cm™, Q? species at 950~1000 cm™, Q! species
at 850~900 cm™!, and Q° species at 750~850 cm™'. These components correspond to symmetric Si-
O stretching motions of SiO4 tetrahedral units containing four, three, two, one, and zero BOs,
respectively?>®3%8 (see Figure 4.1b). These assignments are supported by a variety of research

methods, including comparisons between Raman spectra of silicate glasses and crystalline silicate

359 360,361
2

polymorphs’>”, qualitative assessment of spectral variations with changing composition

computational studies®'*2%23%3 and comparisons with NMR studies®!?3¢4,

Among the Raman bands of silicate materials in the high-frequency region, the most confidently
assigned peak is around 770-850 cm !, attributed to the tetrahedral symmetric Si-O stretching of
monomeric silica species (Q°)*#3%2365 The separation of the Q° region from other Q structure
regions is also evident in Figure 4.3, as the Q° region is distinctly separate from other Q structure
regions, which tend to overlap in some areas. Some studies propose an alternative interpretation

of this band, suggesting it could be associated with transversal optical (TO) and longitudinal
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optical (LO) vibrational pairs!*®*%, In an ionic crystal lattice, the oscillatory displacement of atoms
at optical frequencies can be described in two modes: TO mode, where atom displacement is
perpendicular to the wave vector, and LO mode, where displacement occurs along the wave

368

vector’®”. Such TO-LO splitting is well known in crystalline materials like quartz*®®. However, the

occurrence of this phenomenon in amorphous and solution-phases of SiO2 has been widely

debated. Researchers3!6-338-369

argue that given the non-equilibrium nature of the glass and solution,
where there is no long-range order, and it is questionable whether the peaks in the Raman spectra
can be explained in a similar manner to the TO-LO splitting seen in ionic or highly polar crystalline
materials. Moreover, studies assigning peaks in the 650-850 ¢cm™ region to TO-LO in silicate

solutions often reference a study by Galeener and Lucovsky>"

, who proposed that Raman spectra
of silica glass contain three TO-LO pairs at approximately 455 and 495 cm™!, 800 and 820 cm ™!,
and 1065 and 1200 cm™!. We believe that study, which is based on an analogy with GeO: data and
crystalline alpha-quartz, may be outdated. Additionally, the origin of the 650-850 cm™! range for
TO-LO splitting is unclear and does not even align with Galeener and Lucovsky's proposed range.
Finally, neither our study nor the referenced studies show evidence of a doublet-like peak in this
range. Therefore, we assign the peak at 779 cm™ in Raman spectrum of WG to Q° species, which
is in good agreement with a study performed on sodium metasilicate (Na2SiO3) solutions'®?,

containing only monomeric (Q) species.

Four peaks at 840, 883, 996, and 1043 cm ™! remain unassigned. One approach would be to
attribute these peaks to Q', Q% Q?, and Q* respectively. However, the peak at 1043 cm™' does not
fall within the region typically assigned to Q* according to the literature. Instead, as shown in
Figure 4.3, the peak falls in an area where the Q? and Q° ranges overlap. Q* species has been
reported to exist only in highly concentrated and high ratio sodium silicate solutions (>35 wt.%
Si02, Si02/Na20>~3) 138146 However, even in those solutions, Q* has never been the dominant
type of connection. Therefore, it is not surprising that no Q* species exist in our waterglass stock

solution ([SiO2] = 26.5 wt.%).

Referring to primary structural units suggested by NMR studies in Figure 4.1c, the silicate
species are mostly compact, containing fewer than ten Si atoms, with 39 out of the 45 species
containing at least one three-membered ring (exceptions being the monomer, dimer, linear trimer,

linear tetramer, three-membered, and four-membered rings). These silicate species mostly consist
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1.1 assigned

of double or branched rings, indicating a predominance of Q* connections. Halasz et a
a peak at 1040 cm™! in the Raman spectrum of silicate solutions to Q* and questioned the existence
of double rings/cage structures. However, we challenge their assignment to Q? instead of Q°, as
the absence of Q® connectivity contradicts many potential structures identified by °Si NMR, as
well as their assignments to double ring structure in the low-frequency region. Therefore, we

assign the 1043 cm™! peak, which is the most intense in the waterglass spectrum (see Figure 4.2a ),

to Q3, and we rule out Q? as a possibility for 1043 cm™! peak.

Ruling out Q* more Gaussian peaks remain than there are Q species. Recent studies have
identified multiple energetically distinct types of NBO in silicate glasses that arise from
interactions between alkali atoms and the "second coordination sphere" of NBO*7!*72, This finding
was initially observed in sodium metasilicate crystals, where two types of NBO were found: those
coordinated to a sodium atom and those that were not*’®>. NBOs increase electron densities due to
ionic interactions with alkali atoms (M), which in turn weakens the Coulombic force between Si
and all four O atoms (both BO and NBO). The increased electron densities weakens the Si-O bond
strength, force constants, and Si-O vibrational frequencies. Therefore, tetrahedra with an alkali
atom attached to a BO are impacted by M-BO interactions, shifting the BO vibrational frequency
to lower wavenumbers compared to silicate tetrahedra without these interactions®’*. Q" species
with varying degrees of M-BO interactions has been proposed to account for the "extra peaks" in
the high-frequency region of the Raman spectra of alkali silicate glasses®**3337* Koroleva et al.3?*
developed the concept of the "second coordination sphere" in silicate glasses and melts based on
the degree of polymerization of the neighboring tetrahedra. They introduced the parameter Q?°,
where 'a' indicates a central tetrahedron type and 'b' indicates the type of nearest tetrahedra
connected by bridging bonds. For instance, Q*' and Q?? are Q? species connected to Q' (may be a
part of trimer) and linked to the same Q? (in chains), respectively. Among the three peaks at 840,
883, and 996 cm’!, the first two are closer in range, suggesting they could belong to the same Q
species. While both the number of sodium ions around NBOs and the degree of connectivity of
neighboring tetrahedra influence vibrational frequencies, the degree of connectivity (such as Q' at
the end of a trimer versus Q' attached to a ring) likely has a greater impact on the frequency. The
dynamic nature of the solution allows for more freedom in bond angles and structures, which

reinforces our argument that the neighboring Q unit plays a more significant role in affecting bond
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lengths, angles, and consequently, peak wavenumber locations. While we accept the general

concept used by Koroleva et al.**

, we don't agree with all of their assignments. Their assumption
that silicate species form either chains (dimer, trimer, tetramer) or sheets overlook the possibility
of various structures observed in NMR data, such as the formation of Q'* connections. We assign
the peak at 996 cm™ to Q? and both the 840 and 883 cm™! peaks to Q!, but we cannot make precise
distinctions regarding the exact modes for Q! (such as neighboring Q structure or the number of
sodium ions around it) with the data available to us. Looking at Table 4.2, none of the diluted
waterglass solutions or gels contains two peaks for Q', still, their peak width is wide compared to
other types of Q species.

4.5.1.2. Low frequency region

The low-frequency bands in the 400~700 cm!

region are typically attributed to the inter-
tetrahedral Si-O-Si bending vibrations of silicate rings of varying sizes. Similar to high frequency
region, the peak assignments for low-frequency region in Raman spectra of silicate solutions often
rely on assignments made for silicate glasses. Before applying these bands to our solution/gels,
however, we must first understand the origins of the assignments made for glasses and their

relevance to our study.

Supported by computational modeling**!, the two sharp peaks at approximately 495 and 606
cm’! in the Raman spectrum of sodium silicate glasses, known as “defect” lines D1 and D2, have
been attributed to breathing motions of oxygen atoms in of 4- and 3-membered ring structures (4R
and 3R), respectively. Researchers often attribute bands in the ~400 to 650 cm™' range to 3-, 4-, or
> 5-membered rings in silicate glasses****7>. Sodium cations act as network modifier and break Si-
O-Si bonds, reducing the size of ring structures formed from interconnected SiOs4 tetrahedra. This
reduction in ring size correlates with a decrease in the Si-O-Si angle, following a consistent trend
where smaller rings are linked to peaks at higher frequencies. Peaks below ~350 cm™! have been

attributed to cation motions**, and are not included in this study.

Most researchers have relied solely on silicate glass assignments to interpret Raman peaks in
silicate solutions, linking peaks at 587-606 cm™, 453550 cm™!, and 400490 cm™ to 3-, 4-, and
5-membered ring structures (3R, 4R, and 5R), respectively 138339346 They have attributed the
remaining peak at 515-535 cm™! to O-Si-O stretching vibrations in linear chains with more than

five Si atoms, referring to a study on TMOS?*®*. However, the presence of such long chains is
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inconsistent with NMR results and therefore, may not be accurate. We believe that just as crystals
cannot fully represent the vibrational modes of glass, neither can glass or alkoxides fully represent
the vibrational modes of silicate species in the dynamic liquid medium of waterglass. On the bright
side, while glass forms a fully connected network, making it challenging to distinguish individual
structural units, NMR studies have enabled us to identify major silicate structures in solutions. As
shown in Figure 4.24c, these structures are not limited to just 3-, 4-, or 5S-membered rings. Many
of the possible silicate structures are cage-like or involve double-ring structures rather than simple
"rings". For example, of the 45 structures in Figure 4.1c, there are: 7 structures containing 3-
membered rings; 10 with 4-membered rings; 16 containing both 3- and 4-membered rings; 5 with

5-membered rings, and only one with a 6-membered ring.

Zeolites, which are porous hydrated aluminosilicate minerals containing alkali and alkaline-
earth metals, also consist of SiO4 tetrahedron units. The low-frequency region in zeolite literature
is known to contain characteristic siloxane ring-related Raman vibrations*233%376 Zeolites are
helpful in this context because, they contain both silicate rings and double ring structures, and their
well-characterized structures offer more clarity than the less defined forms found in silicate
glasses. However, this aspect has been less explored in silicate solutions and gels. Similar to
glasses, smaller rings have been corresponded to higher frequencies in Raman spectra of zeolites:
peaks in 470-530 cm™!, 370-430 cm!, 290-410 cm™!, and 225-280 cm™! have been assigned to T-
O-T (T occupied with Si/Al) bending motions in 4R, 5R, 6R, and 8R respectively*>*3””. This
assignment is based on an inverse correlation between the Raman shift and the T-O-T angles (or
ring size) observed in synthetic zeolites®’®. If we extend this correlation, the 3-membered ring
bending mode should occur in the frequency range of around 550-600 cm’!, aligning with Raman

33337 and silicate glasses'*®**%3%¢_ According to

experiments on 3-membered aluminosilicate rings
NMR data, 3- and 4-membered rings are expected to be dominant species in silicate solution, with
a low probability of 5- and 6-membered rings, and no larger rings. Therefore, our focus is primarily

on 3- and 4-membered rings in the form of single, double, and cage structures.

The cage-shaped hydrogen silsesquioxanes, of general formula (HSiO32)2, n = 2,3,4, etc.,
which here are referred to as double ring structures, are appealing molecules for studying
vibrational properties of silica cage structures and serve as molecular models for the building units

found in zeolites. Bornhauser and Calzaferri*>!' studied the vibrational spectra of the molecular
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models of (HSi032)2n, n = 2,3,4,... and introduced the so-called ring opening vibrations as
simultaneous, in-phase displacement of all Si-O stretching and/or O-Si-O bending, with respect to
the ring main axis. This type of vibration is characterized by a change in the size or shape of the
ring, leading to an opening or widening of the ring structure. They reported that the Raman-active
mode of double 4-membered ring (D4R) pore opening appears in the range of 420-455 cm™,
consistent with computational modelling studies®®’. The differentiation between double ring (DR)
and single ring (SR) structures using Raman spectroscopy presents a challenge. In a study by
Inagaki et al.>>* on a BAE-type of zeolite, peaks at 462 cm™ were assigned to single 4-membered
rings (S4Rs) and peaks at 495 cm™! were assigned to D4R. These assignments were based on
comparisons with Raman spectra of SOD- and LTA- type zeolites, which contain mainly S4R and
D4R as their structural building units, respectively. Moreover, they inferred that the broad peak
around 530 cm™! indicated the presence of sterically distorted 3- or 4-membered rings. These
distorted structures could resemble many species in WG. Data on the Raman spectroscopy of
double three-membered rings (D3R) is rare due to the scarcity of such structures in synthesized

zeolites®3!.

Halasz et al. conducted a series of studies on the molecular structure of sodium silicate solutions
and gels using Raman spectroscopy, considering double ring structures 03338340 They assigned
the band at 485/495 cm™! to D4R, D5R, and D6R siloxane rings; the band at 534/605 cm™ to 3-
membered rings; 375 cm™! to 5-membered rings; 480/630 cm™! to 4-membered rings; and 330/428
cm’! to 6-membered rings. However, their overall assignment for single rings does not follow the
expected inverse correlation between wavenumber and ring size. Moreover, they assigned all
double ring structures to a peak around 490 cm™!, based on the average of the ring-related molecular
vibration data from the literature on zeolites. However, relying solely on average assignments can
be misleading due to scattered data from different studies. The peak position of a given siloxane
ring or double ring can vary based on the vibrational modes (breathing, ring opening, pore opening)
and the Si/Al ratio of the aluminosilicate/zeolite. When assigning peaks, considering the
correlation between bond angles, ring/double ring structures, and vibrational modes with peak
positions (wavenumbers) is essential. The question remains: Does the inverse correlation between
ring size and wavenumber apply to double ring structures in the same manner as it does for simple

rings? Exploring experimental and computational*>*%3 studies, we could not establish a consistent
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correlation between double ring size and wavenumber across all of them. This lack of clarity
doesn't necessarily indicate the absence of a relationship; it may stem from limitations in the

accuracy of calculations or ambiguities in experimental peak assignments.

In spring and ball models, when the balls are heavy or the spring is soft the system vibrates in
the lower frequency and when the balls are light or the spring is hard, the system vibrates in a
higher frequency. The same phenomena happen with molecule vibration; wider bond angles or
longer bond lengths generally result in weaker bonds or softer vibrational modes, which
correspond to lower vibrational frequencies/wavenumbers. Conversely, lower order structures
with their potentially lower Si-O-Si bond angles, would result in stronger bonds or stiffer
vibrational modes, leading to higher vibrational frequencies/wavenumbers. If we apply this general
rule to the species found in silicate solutions, as observed in NMR studies, most of them are cage-
like species consisting of combinations of 3-, 4-, and 5-membered rings rather than pure simple or
double ring structures. These species can be divided to 3-membered ring structures, 3,4-membered
ring structures, 4-membered ring structures, and 5-membered ring structures, based on the
dominant type of ring present in the structure. Therefore, for example, a 3R in this study does not
refer strictly to simple 3-membered rings but rather to species that primarily contain 3R in their
structure, including a simple 3-membered ring (refer to Figure 4.1c for further clarification). These
assignments include pure double ring structures as well, as they also involve combinations of
different rings; for instance, D3R contains both 3R and 4R and therefore belong to 3,4-R group,
and D4R consists solely of 4R, and therefore belong to 4R group. This insight suggests a fresh
approach to interpreting Raman spectra for silicate solutions, rather than simply relying on the
commonly cited peaks assigned to glasses or crystalline materials. In the low-frequency region, as
we move from high to low frequency, we assign peaks at 594 cm™ to 3R, 534 cm™! to 3,4R, 471
cm™! to 4R, and 438 cm™! to SR. Moreover, these assignments align well with the general trend
seen in both glasses and zeolites. While we may not be able to distinguish between specific species
(whether simple, double, or intermediate structures), we can confidently say that as we move
towards lower frequencies, the complexity and size of polymerized species increase. Although this
interpretation is not quantitative, we believe that comparing the spectra of solutions with gels made

under different conditions can provide invaluable insights into the differences in their structures,
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especially when coupled with other observations made via different experimental characterizations

of the gels.

Therefore, based on the Raman spectrum of WG in Figure 4.2a, we can conclude that there is
no single dominant structure present in our solution. Instead, the initial solution is a mixture of

different cage-like structures with mainly Q° connections.

It should be noted that the Raman signatures of the monomer, dimer, and linear trimer and
tetramer have also been identified through experimental and theoretical studies*****’. The dimer is
observed at ~600 cm™, the trimer at ~580 cm™, and the linear tetramer at ~540 cm™. These peaks
overlap with those assigned to different ring structures, and Raman spectroscopy is insufficient to
distinguish between peaks from different groups. However, since we primarily have Q? groups and

a low probability of linear species, we have not included them in our peak assignment.

4.5.2. Effect of waterglass dilution

The Raman spectra of WG in its original state and when diluted to different waterglass:water
weight ratios are displayed in Fig. 2b. The most significant change with increasing water content
is the increase in the intensity of the peak at 779 cm!, along with decreases in the intensities of the
peak at 1043 cm™'. Moreover, the Q! displays a broader, noisy peak upon dilution. This change
may be due to Q! connections that mainly exist as branches/ending groups to cage-like structures,
which provides them with more steric freedom. This freedom allows for varied bond angles and,

subsequently, different types of vibrations, creating a broader and noisy peak.

Quantitively, as shown in Figure 4.2¢, upon diluting WG up to a 1:5 waterglass:water weight
ratio (equivalent to decrease in silica concentration from 50 to 15%), the concentration of Q°
increases from 2% to 21%, Q! increases from 7% to 18%, Q? decreases from 20% to 15%, and Q°
decreases from 70% to 45%. These changes indicate depolymerization of silicate species with
waterglass dilution, consistent with trends observed in these solutions in other studies'4%-220:264,
Specifically, the decrease in both Q® and Q? along with an increase in Q° and Q!, indicates
depolymerization of structures containing both Q°> and Q?. Based on these observations, we

propose the reactions depicted in Figure 4.4 to occur upon diluting waterglass.

131



Figure 4.4 A schematic of the proposed depolymerization reactions occurring upon diluting waterglass, showing the
conversion of Q* and Q® to Q' and Q. The yellow zig-zags represent hydrolysis of Si-O-Si bonds during
depolymerization. Note: the depicted species might be a part of a larger structure. After depolymerization, only the
Q-connectivity type of the central tetrahedron is definite (framed in red), while the Q-connectivity of the neighboring
tetrahedra depends on the structure to which they belong.

Diluting sodium silicate solution leads to depolymerization through increased dissociation of
Na' ions and hydrolysis of Si-O-Si bonds. The dissociation of sodium ions weakens the
electrostatic interactions that help stabilize the silicate network. As sodium ions dissociate, they
leave the silicate species more vulnerable to attack by water molecules. The hydrolysis process
breaks the Si-O-Si bonds, facilitating the depolymerization of silicate chains into smaller units or

monomers. Additionally, the added water molecules drive away the silicate species, decreasing the
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probability of forming crosslinks (either physical or chemical) between chains, and thus enhancing

the effect of dissociation.

Examining the changes in structures obtained from the low-frequency region, the most
significant observation is the increase in 5S-membered rings (5SR) and the decrease in 4-membered
rings (4R) upon dilution. Since no polymerization is occurring (as indicated by changes in Q-
connectivity), we can conclude that partial depolymerization of cage-like structures is happening.
This depolymerization leads to the opening of the cage structure, leading to increase in Si-O-Si
bond angles and causing the vibrations to shift to lower wavenumbers. This shift highlights the
importance of interpreting the Raman spectra by connecting results from both the low- and high-

frequency regions.

It should be noted that in Figure 4.4, we are only focusing on one type of connectivity of SiO4
tetrahedron (highlighted in red) as part of a larger structure. While we can be confident about the
type of connectivity that specific tetrahedron converts to after depolymerization (framed in red),

the Q-connectivity of the neighboring tetrahedra will depend on the structure to which they belong.

4.5.3. Real-time sol-gel transition

Raman spectra recorded during the sol-gel transition at 2-minute intervals, starting from 2
minutes after mixing 1:1 waterglass solutions with phosphoric acid and boric acid, up to 8 minutes
after gelation, are shown in Figure 4.5a. At first glance, we can make three general observations:
(1) significant difference in the overall spectrum of sol/gels made at different conditions; (2)
significant difference between the overall spectrum of sol/gels compared with the initial WG
solution before adding acid initiator; (3) no significant change in the overall spectrum of sol/gels
over time (before, at, or after the gelation point). The same trend was observed for sol-gel transition

at other waterglass:water weight ratios (see Supplementary data).
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Figure 4.5 (a) Real-time Raman spectra of 1:1 waterglass solutions mixed with boric acid (pH~10.6) and phosphoric
acid (pH~10.6, pH~3.3), recorded from 2 minutes after mixing up to 8 minutes after gelation. The gelation point (~10
minutes) is shown in bold. (b) Raman spectra of basic gels made with boric acid and phosphoric acid, and acidic gels
made with phosphoric acid, with their respective acid control solutions, silicate-related peaks obtained from methods
(A) and (B) (see Section 3.4), and the 1:1 waterglass control solution.

These observations indicate that any chemical changes at the molecular level occur immediately
(< 2 minutes) after mixing the initial waterglass solution with the acid-initiator, with no further
chemical changes as time progresses up to or after the gelation point. Because we started acquiring
the in situ Raman spectra 2 minutes after mixing, we could not follow the transition of initial
solution at the exact time of introducing the acid-initiator. Regardless, the lack of any changes
at/close to the gelation point suggests two possibilities: (1) either the gel forms by agglomeration
of existing silicate particles through physical interactions such as van der Waals forces, hydrogen
bonding, or Coulombic interactions; or (2) the creation of new chemical bonds and aggregates
during gelation is too minimal to be detected by Raman. In either case, the results indicate that the

formed gels are primarily "physical" rather than "chemical".
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To compare the silicate species and structural differences in gels formed under different
conditions using the deconvoluted spectra, we must account for the fact that peaks in these spectra
are not solely from silicate species. The addition of acid-initiators, such as PA (containing
phosphate groups) or BA (containing borate groups), also generates peaks. Therefore, to accurately
compare the structure of gels formed under different conditions, we must first differentiate and

eliminate peaks arising from the acid-initiator and isolate the silicate-related signals.

4.5.4. Isolating silicate-related peaks
To identify the peaks coming from the acid initiator and isolate the silicate-related peaks in

the Raman spectra of the gels, we used two different methods (Figure 4.6):
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Figure 4.6 A schematic of the steps involved in Methods (A) and (B) to identify and eliminate the peaks coming
from the acid-initiators and isolate the silicate-related peaks in the Raman spectra of the gels. Method A involves

independent Raman spectra collection of controls, and subsequent subtraction of control spectra from gels,
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whereas Method B involves soaking the gel in water to create an osmotic gradient to remove excess unreacted

acid from the gel.

Method A: We collected the Raman spectrum of the gels and acid control solutions containing
water, the acid solution, and sodium hydroxide (pH adjusted to match each gel). Then, we
subtracted the spectrum of acid control solution from that of the final gel to get the silicate-related

peaks.

Method B: We collected the Raman spectrum of gels after soaking in DI water and rinsing with
DI water to remove any remaining acid-initiator in the gel pores via osmosis, and then collected

the Raman spectrum to obtain the silicate-related peaks only.

In Figure 4.5b, the Raman spectra of acidic and basic silica gels made with PA, as well as basic
silica gel made with BA, are compared with the initial WG solution, acid control peaks, and
silicate-related peaks obtained from methods A and B. By comparing the spectra of gels with acid
control peaks, we see that the most intense peaks in the gels actually originate from the acid-
initiator rather than the silicates. These peaks include the 950 cm™ peak for the basic PA gel, the
900 and 1080 cm™ peaks for the acidic PA gel, and the 750 cm™ peak for the basic BA gel. One
might expect to see the same acid-related peaks in acidic and basic PA gels since both contain PA
as gelation-initiator. However, PA (HsPOa) is a triprotic acid, and variations in pH alter the relative
concentrations of its four protonated forms: HsPOa, H.POs~, HPO+*, and POs*~ 3%, The Raman
peaks associated with each of these species, the pH ranges in which they are present, and their
intensities at each pH are shown in Figure 4.7a. Based on this graph, we can attribute the peak at
950 cm™! in basic PA gel to PO4+*, and the peak at 900 and 1080 cm™! in acidic PA to H3POs and
H2PO4, respectively. Similarly, boric acid species are pH-dependent (Figure 4.7b). The borate
monovalent anion B(OH)s~ dominates at higher pH, while nonionized boric acid B(OH)s is
prevalent at lower pH. Between pH 6 and 11 and at high concentrations, highly water-soluble
polyborate ions such as BsOs(OH)a, is also formed*®*. According to a Raman study on boric acid
386

and sodium hydroxide solution

to B(OH)s™.

, the peak at 750 cm™" in the spectrum of basic BA gel is attributed
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Figure 4.7 (a) Raman peaks in 1.0 M phosphoric acid solutions at different pH levels, attributed to its various
protonated forms, based on data from ref 7. (b) Raman peaks in 40 g/L boric acid solutions at different pH levels,
attributed to its various protonated forms, based on data from ref*®’. Based on this graph, we can attribute the peak at
950 cm! in basic PA gel to PO4*, and the peak at 900 and 1080 cm™ in acidic PA to H;PO4 and HoPOy, respectively.

Comparing the silicate-related peaks of the final gels obtained from methods A and B in Figure
4.5b, for basic gels the spectra obtained from methods A and B are similar; however, in the case
of the washed gels (method B), some acid-related peaks remain, particularly in the PA acid gel
where a significant amount of acid was used. These acid-related peaks might be further reduced
by continued washing of the gels, though this method involves trial-and-error to determine the

optimal soaking duration. Additionally, prolonged soaking may cause the gels to dissolve back
into water.

Method A eliminates the uncertainty of determining the point where the gel has been adequately
washed in method B. However, we might not capture all the peaks in the subtracted spectrum with

method A because acid-related peaks are generally much more intense, and silicate-related peaks

might be too weak or masked to be detected. An example of this issue is exemplified for the peak
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at 500 cm™ in the PA acidic gel, which is much more intense in the washed gel spectrum (method
B) compared to the subtracted spectrum from method A. Therefore, we suggest using both methods
complementarily (that is, using method B for deconvolution and method to identify and substract

possible remaining acid peaks).

4.5.5. Structure of gels
4.5.5.1. Molecular structure

Effect of pH

Figure 4.8a displays the normalized intensity of each Q-species, calculated from the area under
the peaks in the high-frequency region of the deconvoluted silicate-related spectrum of gels.
Regardless of the type of acid used and the initial WG concentration, basic gels are primarily
composed of Q* (~53-80%), Q* (~10-17%), and Q° (~5-34%) units. In contrast, acidic gels are
composed mainly of Q? (~62-80%) and Q° (~20-38%) units. Q' units were only detected in PA
1:5 and BA 1:5 basic gels, which initially had the highest Q! concentration. To track changes in
Q-species during the sol-gel transition, the change in intensity of Q peaks relative to initial WG
solution was calculated, as shown in Figure 4.8b. Overall, the changes in acidic gels are more
significant, with basic gels showing a distribution of Q-species closer to their initial solutions. In
acidic gels, all Q* and Q! species were consumed (equivalent to -100% in Figure 4.8b) and
depolymerized, generating Q2 and Q° species. In basic gels, most Q' was consumed, except for PA

1:5 and BA 1:5, and some Q° was generated, with changes in Q* and Q° being insignificant.

Figure 4.8c displays the normalized intensity of ring structures, calculated from the area under
the peaks in the low-frequency region of the deconvoluted silicate-related spectrum of gels. If we
categorize the ring structures into lower-order (3R and 3,4R) and higher-order (4R and 5R)
structures, basic gels mainly contain higher-order rings (~60-72%) and no 3R, whereas acidic gels
primarily consist of lower-order rings (~70-80%) and no 5R. Comparing the ring structures after
gelation with the initial solution, the most significant change in acidic gels is the depolymerization
of all 5R and some of 3R structures and the formation of new 3,4-membered rings (Figure 4.8d).

In basic gels, all 3R structures are transformed into new 3,4- and 4-membered rings.
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Figure 4.8 (a) Fraction of different Q species present in basic and acidic gels made with phosphoric acid, and basic
gels made with boric acid and phosphoric acid, with varying initial waterglass concentrations. (b) Change in the
fraction of different Q species in gels relative to their amounts in the initial waterglass solution. (c) Fraction of different
ring structures present in basic and acidic gels made with phosphoric acid, and basic gels made with boric acid and
phosphoric acid, with varying initial waterglass concentrations. The ring structures are divided into lower-order and
higher-order structures based on their degree of connectivity and polymerization. (d) Change in the fraction of different
ring structures in gels relative to their amounts in the initial waterglass solution. The results show the dominance of
Q3 connections and higher-order structures in basic gels and dominance of Q? and lower-order structures in acidic

gels. The error bars represent one standard deviation from the mean (N=3).

In a highly basic environment of waterglass, the high concentration of hydroxide ions (OH")
deprotonates the non-bridging oxygens (NBOs) on silicate species, making charged species that
are stable in solution (Figure 4.9a). Now, putting all the pieces of information obtained from

Raman and considering the possible silicate structures from Figure 4.1c, we can propose chemical

reactions happening upon acidification in basic and acidic gels.
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Figure 4.9 (a) Dissociation of Silicate Species at high alkaline pH. Elevated hydroxide ion (OH") concentrations
displace sodium ions from the non-bridging oxygens (NBOs) in silicate species, leading to the formation of stable
charged species in solution. (b) Polymerization of Q' species to Q® upon acidification in a basic medium: acidification
converts some silanolate ions (Si-O") to silanol groups, which then form SiOSi bonds and Q? connecitities. These Q?
species then quickly connect with other reactive parts or Q! units to form Q3. (c) Depolymerization of Q? species to
Q? upon acidification in acidic medium. increased proton concentration (H*) protonates the oxygen atoms in Si-O-Si

bonds, enhancing silicon's electrophilicity and making it more susceptible to nucleophilic attacks by water. Phosphoric

acid may further facilitate Si-O-Si cleavage by forming hydrogen-bonded water complexes.
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For basic gels: from Figure 4.8c, we observed that almost all Q! species are converted to Q°, as
a result of conversion of all initial 3-membered rings or dimers to 3,4- and 4-membered ring
structures. If we examine the 3R group in Figure 4.1c, 7 out of 9 of these species have dangling
Q! groups. Q' units, present as dimers or the ending units of 3R structures, act as reactive sites,
connecting to other silicates and creating higher-order structures. Q! units are initially connected
via one siloxane bond to the rest of the structure and have three NBOs. The transformation of a Q!
unit to Q* upon acidification requires the creation of two new Si-O-Si bonds. Although forming
two bonds at once is usually considered unlikely, the scenario where all Q! units are consumed
and only Q? units are formed without the formation of Q* can be explained by considering the
specific structural rearrangements and reaction conditions that favor direct transitions. After
introducing acid while still in the basic region, a small portion of deprotonated species becomes
protonated again, reducing the electrostatic repulsion and increasing their reactivity. The silanolate
ion (Si-O") is highly nucleophilic and can react with a silanol group, forming a transition state
where the oxygen of Si-O~ is bonded to silicon, and the OH group is partially detached. To stabilize
the transition state, a proton (H") is transferred to the leaving hydroxyl group, facilitating the
formation of the siloxane bond (Si-O-Si). Once a Q' unit forms a single bond, it immediately forms
another bond before stabilizing as a Q? unit (Figure 4.9b). This process can be seen as a nearly
simultaneous two-step reaction facilitated by the high reactivity and close proximity provided by
the cage-like structure. Thus, Q! units rapidly form Q? units by connecting to other reactive parts
of the structure or other Q' units. As a result, bulkier structures that vibrate at the same wavelength
as 3,4- and 4-membered rings are formed. These structures could be literal 3,4- or 4-membered
rings (as defined in Figure 4.1c), or they might be bulky structures with bond angles wider and
closer to 4R due to steric hindrance. It should be noted that the condensation reactions also depend
on the size of the alkoxy group; the reactivity of silicates decreases as the size of the silicate group
increases due to steric hindrance. This size dependency explains why polymerization
predominantly occurs for 3R structures. Moreover, our result is in agreement with the general
Ostwald ripening theory in which larger particles grow at the expense of smaller particles,
especially in strongly alkaline solutions where the latter dissolve more readily. This change in
particle size distribution results from the tendency of the smaller particles to condense, or

redeposit, on the surfaces of the larger particles®.
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For acidic gels: significant depolymerization occurs upon the addition of acid, converting all
Q?® species to Q* and all Q! to Q°, increasing the intensity of Q? and Q° up to 5 times more than
initial waterglass. This change is correlated with conversion of all SR and some of 3R to 3,4- and
4-membered ring structures. Structures in SR groups are prone to depolymerization due to wide
angles which make them less thermodynamically stable in contrast to 4R rings. 3R rings are also
less stable than 4R because the SiOSi angles are strained, and their optimum configurations are
necessarily restricted to be nearly planar®®®. The absence of Q* connections means the structure
lacks double-ring or closed-cage formations, resulting in either plain rings or distorted/broken
lower-order cage structures. The acidic environment introduces a high concentration of protons
(H"), that protonate the oxygen atoms in the Si-O-Si bonds, initiating hydrolysis. Hydrolysis occurs
when water's oxygen nucleophilically attacks the silicon atom. Protonation significantly lowers
the energy barriers for siloxane bond cleavage by enhancing silicon's electrophilicity, thereby
increasing its susceptibility to nucleophilic attack by water**®. The hydrolysis of Si-O-Si bond is
generally understood to proceed via nucleophilic displacement reactions involving penta-
coordinate intermediates or transition states!’**!. For example, the conjugate base of HF acid, F-,
which are about the same size as OH™ can increase silicon's coordination to five. However, in the
case of H2PO™, the negative charge is delocalized over the entire phosphate group, making it less
nucleophilic and less likely to form penta-coordinated silicon. Additionally, steric hindrance
further impedes this process. Hydrogen-bonded water complexes, which may contain water,
silanol, and acid, could also play a crucial role in facilitating proton transfer from nucleophiles to
leaving groups®”’. These water cluster-siloxane hydrogen bond complexes reduce the energy
barrier for siloxane bond cleavage, particularly as the number of water molecules in the hydrogen-
bonded cluster increases. Therefore, phosphoric acid may facilitate Si-O-Si cleavage by forming
some type of hydrogen-bonded water complex. Thus, we conclude that the siloxane bond breaks
when its bridging oxygen is attacked by a proton, weakening the strength of the Si—O bonds. The
proton donator could be water or phosphoric acid-water complex as illustrated in Figure 4.9c,
which is in agreement with molecular dynamic study by Yue et al**?. Therefore, lower pH values

promote the growth of smaller particles.
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Effect of silica concentration and type of acid

As the concentration of waterglass decreases, Figure 4.8a shows a decline in Q* and an increase
in Q° for basic gels, while acidic gels exhibit a decrease in Q* and an increase in Q. Initially, more
concentrated waterglass solutions contained higher Q* and lower Q° levels compared to less
concentrated solutions. Thus, in basic gels, the proportion between Q* and Q° remains constant,
whereas in acidic gels, the proportion exists between Q? and Q°, as the initial Q® units are converted
to Q? units. In Figure 4.8c, we observe a decrease in 3,4 R and an increase in 5R in basic gels
(indicating more polymerization), and a decrease in 4R and an increase in 3R in acidic gels upon
diluting the initial waterglass (indicating more depolymerization). This difference indicates that
the presence of more water in the system (i.e., when the WG solution is diluted) promotes reactions
occurring in the system, whether it is hydrolysis/depolymerization in acidic media or

polymerization in basic media.

Comparing the fraction of species in basic gels made with boric acid to those made with phosphoric
acid from Figure 4.8a and Figure 4.8c, we observe that while the distribution is generally similar
to other basic gels, it does not specifically resemble any particular one. Therefore, we can conclude
that the type of acid used does not significantly alter the gel's behavior. However, when a large
amount of water is introduced into the system, predicting the structure becomes more challenging.
This finding is consistent with our previous observations regarding the optical properties and the

gelation time dependency on pH in these gels''®,

4.5.5.2. From particles to agglomerates to gel network

The hydrolysis and polymerization reactions are competing processes in all sol-gel systems,
and their rates depend on pH. Depending on which process predominates, different structural
silicate units with varying degrees of connectivity and polymerization will form. The type of
structural units directly affects the size of the particles forming, and the arrangement of these
particles during agglomeration, and eventually the network structure, which then directly affects
the final gel properties. The presence of colloidal-size particles in waterglass was demonstrated in
our previous study by exhibiting the Tyndall effect. Moreover, from our previous results on light
transmittance and scattering during the sol-gel transition of waterglass, although we could not
quantitatively measure the particle size, it was shown that basic gels contain larger particles

compared to acidic ones, leading to more light scattering. From Raman results, we observed that
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at the molecular level basic gels are composed of silicate units with a higher degree of connectivity,
which vibrate at lower wavelengths compared to acidic gels. Accepting the inverse relationship
between vibration wavelength and Si-O-Si bond angle, although we cannot determine the exact
type of structural units formed, we can generally say that basic gels contain larger quasi-cage
structures in contrast to acidic gels.

However, the question remains: how do these structural units agglomerate into a gel? In
solutions starting from monomeric species, such as silicon alkoxides, the answer is clear*?%3%%:
linear or weakly branched silica species are preferentially formed in acidic conditions, whereas

highly branched and clustered silica species are obtained in basic conditions. In alkali silicate

solutions, the answer is less certain and not as well explored.

In solutions starting from monomers, gelation happens through the following steps: monomers
form oligomers, which then form particles, aggregates/agglomerates, and finally a network. In
waterglass, however, there is already a wide range of species, from monomers to oligomers and
up to colloidal particles. Researchers have reported a wide range in size of these colloidal particles
in waterglass—0.6 nm to 600 nm'#®!73, Looking at the structural units identified by NMR in Figure
4.1c, most of these structures are already at the size of a colloid. For a simple 3-membered ring,
for example, we can estimate the length by summing the total length occupied by silicon atoms
(diameter = 0.264 nm) and oxygen atoms (diameter = 0.146 nm) and the Si-O bond lengths (~0.163
nm), which gives a total of ~1.6 nm (See Figure 4.10a). Therefore, many of the structural units are
bigger than 1 nm, and in the size range of colloidal particles. As a result, there is no need for the
formation of new Si-O-Si bonds or Q* type connections to consider these structural units as

“particles”.
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Figure 4.10 (a) Estimating the width of a 3-membered silicate ring structure by summing the diameters of two silicon
atoms, three oxygen atoms, and four Si-O bond lengths, yielding an approximate total width of ~1.6 nm. (b)
Agglomeration of primary or secondary silicate particles through physical interactions, including hydrogen bonding
and electrostatic interactions. (c) A schematic representing that lower-order silicate structural units in acidic gels
would result in a compact network of agglomerates with small pores, while higher-order silicate structural units in
basic gels would result in a compact network of agglomerates with small pores (d) SEM micrograph of showing
compact glass-like structure in concentrated acidic gels (left) and mesh-like network in basic gels (right) (e)
Macrograph showing light transmission and light scattering (550 nm laser) of acidic (left) and basic gels (right). The
smaller particles and pores in acidic gels lead to significantly less light transmittance and scattering compared to basic

ones.
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Now, we can imagine that at the same silica concentration, most of the bulky higher-order
structural units in basic gels and lower-order structural units in acidic gels are actually colloidal
particles. These primary particles may agglomerate, forming larger secondary particles. This
concept might explain the wide range of colloidal particle sizes observed in waterglass, because
analysis of the light scattering cannot distinguish whether it is the structural unit itself or the
agglomeration of primary particles (secondary particles) that is scattering light. When the solution
is acidified, more reactive sites are created and electrostatic repulsion decreases, which promotes
the agglomeration of secondary particles into a gel. The absence of changes in the Raman spectra
during the sol-gel transition (near the gelation point) across different gels suggests that the
agglomeration is primarily driven by physical interactions, such as hydrogen bonding or
Coulombic interactions, as illustrated in Figure 4.10b. The silica surface silanol groups are the
main centers of adsorption of water molecules, which result in formation of hydrogen bonding.
Sodium cations and anions from acid can also be picked up during the silica gel formation may be
trapped inside the secondary particles or agglomerates. Since silanol groups become more
protonated in acidic conditions and more acid is introduced in acidic gels, more physical bonding

is expected compared to their basic counterparts.

The nature of physical or chemical nature of silica gels is somewhat ambiguous in the literature.
Some researchers argue that silica gels are physical in nature®**%, For instance, Wang et al.>
noted that the rheological properties of basic silica gel made from waterglass show several
similarities to physical gels and weak colloidal gels, such as the logarithmic time-dependent
growth of storage modulus, which is usually attributed to bond reversibility. Tognonvi et al. 2%
have reported the formation of both reversible and irreversible silica gels in a basic medium and
defined regions based on [Si] and pH. Our gels would fall into their irreversible gels category.
However, their classification is primarily based on the behavior during syneresis, which may or
may not relate to the physical or chemical nature of the gels. Reversibility versus irreversibility
could be due to the number of hydrogen bonds formed and the pore size, affecting the rate of

syneresis. Moreover, chemical bonds may start to form after syneresis when particles get closer to

one another.

The formation of physical gels, mainly by hydrogen bonding, without the formation of new Si-
O-Si bonds (as seen in acidic gels), might seem to contradict Iler’s prerequisite for gelation: “The
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basic step in gel formation is the collision of two silica particles with sufficiently low charge on
the surface that they come into contact, forming siloxane bonds that hold the particles irreversibly
together” (refl®, p.366). However, this classical gelation theory is based on starting from
monomers, and again, it is not a good analog to be used for alkaline silicate solutions. Hydrogen-
bonded structures likely serve as the basis for silica hydrogel formation because the activation

energy is low, and entropy considerations are lessened due to fewer geometric restrictions®°.

Overall, we can conclude the following about particle formation, agglomeration, and network

formation in acidic versus basic gels at constant silica concentration:

The lower pH in acidic gels means more silicates at the surface of structural units are protonated,
and therefore, more reactive sites are available compared to basic gels. Moreover, the smaller size
of primary particles in acidic gels provide higher surface area for physical interactions that lead to
agglomeration. Both the smaller size of primary particles and more reactive sites in acidic gels
facilitate the approach of particles due to less steric hindrance and electrostatic repulsion. As a
result, small primary particles in acidic gels make compact small secondary particles, forming
compact networks whereas basic gels which are made of large primary particles, form loose large

secondary particles, leading to loose networks (see Figure 4.10c).

The micrographs of 1:1 basic and acid gels are displayed in Figure 4.10d. As can be seen, while
both gels contain the same amount of water, and therefore, expected to have same volume of pores,
they exhibit very different microstructures. PA 1:1 acidic gel is dense and compact with small
pores that according to its light scattering data should be <550 nm, while the PA 1:1 basic gel has
a porous structure with pores around 5 pm. The compact structure of the PA 1:1 acidic gel gives
it an almost glass-like appearance that transmits light (Figure 4.10d). The microstructure observed
in acidic gels is in complete agreement with the molecular structure obtained from Raman results
(composed of small lower-order primary particles) as well as our theory that small secondary
particles and tightly packed agglomerates are formed. In contrast, the loose network of PA 1:1
basic gel, with its larger pores, makes it scatter light more effectively, resulting in reduced
transmission (Figure 4.10d). The microstructure observed in basic gels is also in complete
agreement with the molecular structure obtained from Raman results (composed of large higher-
order primary particles) as well as our theory that large secondary particles and loosely packed

agglomerates are formed.
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There have been previous attempts to experimentally demonstrate distinct differences in the
molecular structures of silica gels made under acidic or basic conditions. For example, Kaide and
Saeki*”’ explained the differences in dynamic rheological properties between acidic and basic
alkaline silicate gels by the difference in the size of silica particles. Similar to our findings, they
proposed that small primary particles bond with each other to form a minutely homogeneous
structure in acidic gels. In contrast, clusters in basic gels are formed by larger particles, resulting
in a rougher network. However, they did not explore the underlying chemistry. Using Raman

spectroscopy, Halasz et al. ¥’

reported that the average "n" connectivity of silicate species is
higher in the base-set gels than in the acid-set gels. However, they did not investigate the possible
reasons or mechanisms behind these structural differences, nor did they explore the relationship
between Q-connectivity and ring structures. In another study by Kierys®® et al. Raman
spectroscopy was used to investigate silica gels made under different conditions. By observing
substantial differences in the molecular structure of silica gels made at pH 4 and 7.4, they reported
that acid-set gels have a loose, flexible composition of siloxane rings and chains with many Q?
connected [SiO4] tetrahedra, while the rigid base-set gels have a more compact, dense structure
mostly with Q* connected tetrahedra. Their results contrast with ours and, according to them, with
most previous studies. However, they did not provide any reasons for this contradiction. Overall,
we believe that both our study and previous works convincingly demonstrate that the macroscopic
physical properties of gels depend on their molecular constitution, which is strongly influenced by
the pH at which they are made. Our study stands out as we have provided evidence for the
differences between basic and acidic gels at all levels, from the molecular level to the microscopic

and macroscopic levels, and have validated the processing-structure-properties relationship in

silica gels.

4.6. Conclusion

Real-time Raman spectroscopy was proven useful for quantitatively studying the sol-gel
transition in acid-initiated sodium silicate solutions under different processing conditions, such as
pH, waterglass concentration, and type of acid initiator. Our research provides new insights into
the molecular structure of silicate units, particle formation, and their agglomeration into a network.
Additionally, we established connections between processing conditions, structural distinctions,

and the optical properties and microstructure of silica gels. Key findings include:
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e Re-examination of the commonly cited Raman peaks for silicate solutions and gels
revealed that the assignment of Si-O-Si bending modes to plain n-membered ring structures

is inconsistent with silicate structures identified by *Si NMR in these solutions.

e A fresh approach for interpreting the 400-700 cm™ region of Raman spectra was provided
based on silicate species identified by ’Si NMR. Silicate structural units were divided into
3-membered, 3,4-membered, 4-membered, and S-membered rings, encompassing various
structures such as cage-like, quasi-cage, simple, and double-ring units, with the complexity
and size of polymerized species increasing moving toward lower wavenumbers.

e Most silicate structural units present in sodium silicate solutions are within the colloidal
particle size range (>1 nm) and act as primary particles during gelation, indicating that the
formation of new Si-O-Si bonds is not necessary for gel formation.

e In acidic conditions, hydrolysis proceeds more rapidly than condensation, leading to
depolymerization and the formation of smaller, lower-order silicate units. Conversely, in
basic conditions, polymerization dominates, resulting in larger, higher-order units.

e Basic gels are made of large, loose secondary particles that agglomerate into a gel network
with large pores, while acidic gels are made of small, compact secondary particles that
agglomerate into a dense gel network with small pores.

e Consistent Raman spectra during the sol-gel transition suggest that particle agglomeration
is primarily driven by fast-acting physical interactions, such as hydrogen bonding and
electrostatic interactions.

e When diluted, the presence of more water in the system promotes
hydrolysis/depolymerization in acidic conditions and polymerization in basic conditions.
While the type of acid does not significantly alter gel behavior, predicting the structure
with boric acid is more challenging.

These insights into the chemical structure of silica gels can inform the design of chemically
controlled routes for modifying the macroscopic properties of final gels for specific applications,
including the development of formable, in situ setting bioactive glass-waterglass composite bone

scaffolds.
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Chapter 5: Microstructure and Mechanical Properties of Hydrogels
from Sodium Silicate Solutions

5.1. Abstract

Silica hydrogels from sodium silicate solutions (waterglass) are promising for formable
composite bone scaffolds, but their mechanical properties and the impact of processing conditions
are not well understood. This study investigates how pH, waterglass concentration, and acid
initiators affect the mechanical properties, deformation, and microstructure of acid-initiated silica
hydrogels. Real-time compression monitoring revealed three stress-strain patterns: (i) brittle
fracture, (ii) plastic plateau, and (iii) continuous strain hardening. pH-basic hydrogels showed a
transition from continuous strain hardening to a plastic plateau with increased water content, while
pH-acidic hydrogels displayed brittle fracture, but shifted towards a plastic plateau with more
water content. Mechanical strength was determined to depend on composition and aging time.
Basic 1:3 hydrogels (25 wt.% waterglass) and acidic 1:1 hydrogels (50 wt.% waterglass) exhibited
the highest strengths in their groups, reaching up to 38+ 11 MPa and 53 + 11 MPa, respectively.
All hydrogels initially had similar strengths (7.3-9.9 MPa), but aging increased strength
significantly, with basic gels reaching 16-38 MPa and acidic gels reaching 21-53 MPa an hour
after gelation. Lower waterglass concentrations decreased strength in both groups, with no
significant difference between them. Engineering stress underestimated true stress by 21-55% for
basic gels and 21-66% for acidic gels. Gradient stress-strain curve features correlated with real-
time observations of crack initiation and propagation, and revealed the presence of radial cracks,
circumferential cracks, splitting cracks, fragmentation, and microcrack networks. Basic gels, with
larger structural units, formed looser, mesh-like structures with large pores (3-5 pm), resulting in
ductility and shrinking pores over the aging time. In contrast, acidic gels, with smaller units,
formed dense, brittle materials with small pores and strong internal connections. Both hydrogel
types exhibited increased ductility and larger pore sizes (15-20 pm) upon dilution. These findings
provide insights into the mechanical behavior of silica hydrogels, which can guide the design of
chemically controlled methods to tailor their properties for specific applications, including

bioactive glass-waterglass composite bone scaffolds.
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5.2. Keywords
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5.3. Introduction

Silica gels are versatile inorganic amorphous materials known for their unique physicochemical
and biological properties. Such gels possess high and customizable porosity, active surface
functionalities, thermal and mechanical stability, biocompatibility, and resistance to bacterial

attacks?*%-3043% These characteristics have made silica gels highly desirable materials in various

399,400 402,403
2

biomedical applications such as tissue engineering , wound healing*!, drug delivery
and cosmetics***. Silica gels derived from sodium silicate solutions (waterglass), show particular

promise in bone tissue engineering for several reasons:

e They can be spontaneously formed through simple acid addition, eliminating the
need for additional cross-linking steps (common in organic gels) or the removal
of toxic components (as required with silica alkoxides);

e Their solid-like mechanical properties, due to their three-dimensional
framework, allow for deformation, shape retention, and resistance to fluidity
making them easily mouldable to fit body cavities without collapsing or shifting;

e They demonstrate excellent potential for bone regeneration due to their ability

405,406 407.

to bond with bone tissue and compatibility with bone cells™’;
e Their properties, including porosity and mechanical strength, can be finely tuned

by adjusting processing conditions.

As aresult, silica gels are ideal for developing formable composite bone scaffolds that can adapt
to various bone defects, setting in situ into a porous 3D structure that promotes effective bone
tissue regeneration. Based on this concept, a design was explored in our lab where 45S5 Bioglass®
frit was combined with a waterglass binder to create a formable paste that sets upon addition of
phosphoric acid (PA) and boric acid (BA) as acid-initiators. The effects of pH, waterglass
concentration, and type of acid-initiator on gelation kinetics, gels’ optical properties, and
molecular structure were investigated in previous chapters. It was found that the gelation time of

10 minutes, suitable for clinical applications, could be achieved in both acidic and basic conditions,

151



with the specific pH for the target gelation time adjustable toward neutral by decreasing the initial
waterglass concentration. Major structural differences were found at both the molecular and
macroscopic levels in gels produced under different pH and processing conditions. These findings
demonstrate the significant impact of pH and processing conditions on the final gel properties,
including mechanical properties, which can be tailored to meet specific requirements for bone

scaffolding applications.

The mechanical behavior of bone scaffolds is fundamentally important for successful bone
regeneration. This behaviour includes not only mechanical strength and elasticity but also, equally
important, mechanical stability and integrity*®. In our composite scaffold design, waterglass acts
as an adhesive, binding bioactive glass particles together and physically setting the entire
composite upon gelation. Therefore, the role of waterglass is to create a paste of bioactive glass
capable of being formed to fit custom wound geometries. After gelation, the role of silica gel in
the composite is to provide temporary cohesion to the implanted bioactive glass scaffold (that is,
setting it in place) so that it persists long enough to stimulate bone growth and eventually be

resorbed.

To investigate the mechanical properties of our waterglass-bioactive glass composite, we need
to know how each component behaves independently. The original 45S5 Bioglass® is widely used
in orthopedics. It was estimated that over course of 30 years (since its FDA approval in 1985 up
to 2016), it had been implanted in 1.5 million patients to repair bone and dental defects*”’.
Naturally, its mechanical properties have also been extensively investigated in the form of bone

scaffolds obtained through various methods*'%®*!2, Silica gels on the other hand, have been mostly

investigated in form of aerogels*!3*1¢

, and much less is known about mechanical properties of
silica hydrogels (that is, silica gels in a wet state), especially in terms of their static mechanical
properties in tensile or compression modes. Therefore, the focus of this study is on the mechanical
properties and microstructure of silica hydrogels as an individual component material for bone

tissue scaffolds.

As multi-phase materials comprising a porous solid matrix and a liquid phase, hydrogels exhibit
low elastic modulus (in the kPa range) and intermediate behavior between solids and liquids, which
presents challenges in mechanical measurement and interpretation. Their compliant and hydrated

nature complicates tensile testing, making compression testing the preferred method for evaluating
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mechanical properties of hydrogels*!”. Given their softness relative to conventional materials and
rubbers, and their non-linear behavior under strain*'®, precise and sensitive measurement
techniques are essential. While dynamic mechanical analysis (DMA) provides high strain
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sensitivity and detects minor variations in stiffness , compression tests offer a simpler and

more cost-effective approach to assessing the mechanical strength and durability of silica gels.

In the literature, stress-strain data for silica hydrogels are typically reported using engineering
stress-strain values, which are calculated by dividing the applied loads by the original cross-
sectional areas and displacements by the original heights of the specimens***#*?*-422 However, due
to the significant deformation and changes in cross-sectional area during compression, engineering
stress does not accurately reflect the mechanical properties of hydrogels. To address this
inaccuracy, several approaches have been used to define true stress-strain curves for hydrogels.

For instance, Zhang et al. 4*

used digital image processing to measure volume changes under
uniaxial compression and calculate true stress-strain curves for polyvinyl alcohol hydrogels.
Dastgerdi et al. “** used 3D digital image correlation (3D-DIC) to measure cross-sectional area

425 utilized a laser

changes and compute true stress in different hydrogels. Kontou and Farasoglou
and photocell to measure reflections from a rotating mirror, allowing them to determine strain and
strain rate, and consequently true stress-strain curves. In all these examples, the experimental
setups measure strain (change in sample’s height) and calculate changes in cross-sectional area
based on the assumption that the total volume remains constant during the test. For this assumption
to be valid, the rate and extent of displacement must be controlled to prevent significant water
leakage from the hydrogel or any visible permanent deformation, which is challenging and limits
the test range. Directly monitoring changes in cross-sectional area in real-time would allow for
accurate true stress-strain curves without these limitations. In this study, we utilize an innovative
experimental setup to directly monitor changes in cross-sectional area of silica hydrogels under
compression in real-time. This approach not only yields precise true stress-strain data without the

limitations of previous methods, but also provides a detailed investigation and evolution of failure

mechanisms and crack initiation and propagation during the test.

The features in the nonlinear stress-strain curves of hydrogels are not as well defined as those
in conventional materials like metals. The lack of clear definitions for the onset and strain ranges
of different regions in the stress-strain curve can lead to inconsistencies in determining mechanical
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properties, making it difficult to compare results across different studies. Moreover, as the gel
ages, condensation reactions and aggregation of particles continues, resulting in the expulsion of
liquid from the gel pores®®*. As a consequence, the gel network consolidates and shrinks, and its
volume, porosity, and internal surface area will change over time. This process, also known as
“syneresis”’, would greatly affect the mechanical properties of the gels over time, however, it has

been neglected in previous studies.

To achieve better control over the mechanical properties of silica hydrogels, it is essential to
investigate their mechanical behavior and establish a correlation between mechanical properties
with their structure and fabrication conditions. This correlation is the final piece needed to fully
understand the processing-structure-property relationship in silica gels made from sodium silicate
solutions. Our goal is to optimize the processing conditions of silica gels from waterglass—such
as pH, waterglass concentration, and type of acid catalyst—and predict their microstructure and
mechanical properties in the gel state over time. Since the microstructure and mechanical
properties of silica gel directly influence the properties of waterglass-bioactive glass composite
scaffolds, controlling these properties will enable us to create a composite material that can be

formed and set in situ while maintaining open porosity and mechanical stability after implantation.
In the discussion, we aim to answer the following questions:

e How do silica hydrogels made under different processing conditions differ in their
mechanical properties and microstructure, and how are these differences related to
variations in their molecular structure?

e How do the mechanical properties of silica hydrogels change over time? How do aging
and syneresis phenomena and changes in microstructure of gels over time correlate with
mechanical properties?

e What are the distinct regions and characteristics in a stress-strain curve of silica hydrogels?
How can the onset and strain ranges of these regions be defined in these materials? How
are these regions related to observed mechanical behaviors and failure mechanism such as
the onset of crack formation, crack propagation, and crack/fracture modes?

e How significant are the differences between the engineering and true stress-strain curves
of silica hydrogels under compression? Is it worth using true stress-strain curves for a

more accurate analysis?
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5.4. Materials and methods

5.4.1. Materials

The starting commercial sodium silicate solution (Sigma-Aldrich, CAS number: 6834-92-0,
Saint Louis, MO, U.S.A) had the following characteristics: [Si02] = 26.5 wt.%, [Si] = 6.13 mol/l;
relative density =1.39 g/l; pH=11.9; SiO2/Na2O molar ratio =2.57. Phosphoric acid, 85%
solution (Fisher Scientific, CAS number:7664-38-2) and boric acid powder, > 99.5% (Fisher
Scientific, CAS number: 10043-35-3, Toronto, ON, Canada) were used as acid-initiators. Silicone
oil (Sigma-Aldrich, CAS number:63148-58-3, Saint Louis, MO, U.S.A) was used as lubricant and
isopropyl alcohol 70% v/v (Fisher Scientific, Toronto, ON, Canada) was used to dilute the dye for
fractography.

5.4.2. Hydrogels’ compositions

With the goal of creating a formable, in situ setting bioactive glass-waterglass composite bone
scaffold, the effects of pH (ranging from 2-11), waterglass concentration (15-50 wt.%), and acid
initiator type (phosphoric acid and boric acid) were investigated as independent variables to
optimize the setting time to a clinically practical range of approximately 10 minutes in chapter 3.
It was found that the target gelation time of 10 minutes can be achieved at a single basic pH using
boric acid and at various pH levels in both acidic and basic regions using phosphoric acid by
adjusting the waterglass concentration, resulting in seven different specimen compositions,

detailed in Table 1.
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Table 5.1 Composition and pH of gels made with boric acid and phosphoric acid, with a gelation time of ten minutes,

containing water, waterglass, and an acid solution.

Acid WG:Water WG Acid content pH 5
catalyst (wt. ratio) (9) (M) (min)
Boric Acid 1:5 Basic 3.34 14000 10.60 10
@ 11 10.00 545 10.63
) 1:3 Basic 5.00 360 10.35 10
Phosphoric 1:5 3.34 300 9.70
Acid @ 11 10.00 2800 3.36
1:3 Acidic 5.00 1300 4.80 10
1:5 3.34 825 5.30

5.4.3. Mechanical Characterization
5.4.3.1. Preparing specimens

Cylindrical syringes with a diameter of 2 cm, whose tips were cut off, were used as molds.
Solutions were prepared according to Table 5.1 under mechanical stirring and then transferred to
the cylindrical molds using plastic pipettes while the molds were placed on vial racks. The flat
rubber stoppers of the syringes were lubricated with a single drop of silicone oil for easier
demolding (Figure 5.1a). All syringes were filled to the same height, using the marks on the
syringes, equivalent to a height of 4 mm (Figure 5.1b). After the gelation point (~10 minutes), and
after waiting for the experimental time after gelation to elapse (i.e., 5, 15, 30, 45, 60 minutes post-
gelation) the hydrogel discs were demolded by pushing the syringes out onto the lower platen of
the mechanical testing machine, which was covered with a piece of aluminum foil and lubricated

with silicone oil (Figure 5.1c¢).
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Figure 5.1 (a) Lubricating the syringe flat stopper for easier demolding. (b) Filling syringes with a mixture of water,
waterglass, and acid solution to create hydrogel disks. (c) Demolding the hydrogel disk onto the compression test
instrument platen, covered with aluminum foil and lubricated with silicone oil.
5.4.3.2. Compression test and engineering stress-strain curve

The mechanical properties of silica hydrogels in uniaxial compression were determined using
an Instron 5943 (Instron, Norwood, MA, U.S.A) with a 1 kN load cell. The compressive tests were
performed at room temperature with a strain rate of 1.0 mm/min. Each test was ended when the
hydrogels reached 50% strain. All hydrogels were tested at intervals of 5, 10, 15, 30, 45, and 60
minutes after gelation (equivalent to t = 15, 25, 40, 55, and 70 minutes). Five replicates (N = 5)
were tested for each type of hydrogel and each time point, resulting in a total of twenty-five

replicates with the same compositions.

The obtained force (F)-displacement (1) curves were converted to engineering compressive
stress (s)-strain (e) according to Equations (5.1) and (5.2), where Ao and lo are initial disc samples’
cross-sectional area and height, respectively. The engineering stress-strain curves, representing the
average of five replicates and the range of standard deviations, were plotted using

MATLAB_R2022b software (The MathWorks Inc., Natick, MA, U.S.A).

s=— (5.1)

e= — (5.2)

To assess the impact of various processing conditions and aging times on the mechanical
properties of hydrogels, we performed a series of statistical tests. Normal distribution of the data

was tested using the Shapiro-Wilk test before performing any statistical comparisons. Sphericity
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was tested with Mauchly’s test. If sphericity was not met, the Greenhouse-Geisser correction was
applied. One-way Analysis of Variance (ANOVA) was conducted to compare the different
mechanical properties of hydrogels at various time points after gelation and between different
types of hydrogels produced under various processing conditions. Additionally, comparisons were
made between acidic and basic hydrogels of the same concentration. The Bonferroni Post Hoc test
was used for multiple comparisons among all samples. A p-value of less than 0.05 (p<0.05) was

set as the minimum alpha threshold to identify statistically significant differences.

5.4.3.3. Compression test and true stress-strain curve

To find the best way to monitor the hydrogels during compression, some preliminary
investigations were performed. Specimens were video recorded from a side view in real-time using
a smartphone equipped with a detachable macro lens (10x Macro M-Series Lens, Moment, Inc.
Seattle, WA, USA) . Changes in height and barreling due to friction between the platens and the
specimen, were observed. Moreover, some cracks on the edge could be seen, but the shape and
length of the cracks and their propagation were not clearly visible (see Figure 5.2a). This challenge
motivated us to design and fabricate an innovative device to record the cross-sectional area in

contact with the lower platen in real-time during the compression test (Figure 5.2b).

158



5

Upper Platen

Lens Hood

Ring Light Specimen
Lower Platen

(Transparent)

DSLR Macro Lens

Base
(with mirror)

b

Figure 5.2 (a) Side view of hydrogels before (left) and during compression (right). Changes in height, barreling, and
some cracks can be observed, though details of cracks and the deformation mechanism could not be studied in detail.
(b) A view of the innovative setup with a transparent platen designed and fabricated to record the plan view of the
cross-sectional area of hydrogels during compression.

Videos were recorded throughout the compression test using a digital single-lens reflex camera
(D300s, Nikon Inc.) equipped with an AF Micro-Nikkor 105 mm /2.8D lens. The camera settings
were kept constant for all recordings. One replicate (N=1) was tested for each type of hydrogel
and each time point, resulting in a total of five replicates with the same compositions. Screenshots
of each video at time interval of 12 seconds (equivalent to 0.05 strain) were taken, and then the
cross-sectional area at each screenshot was measured using the oval, or freehand, tool (depending

on the final shape) in ImagelJ software (U. S. National Institutes of Health, Bethesda, MD, USA).

The obtained force (F)-displacement (1) points were converted to true compressive stress ()-
strain (g) points using the real-time cross-sectional area (Ai) calculated from the image analysis of

the screenshots, according to Equations (5.3) and (5.4):

o=- (5.3)
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e =% (5.4)

True compressive stress (o)-strain (€) curves were plotted using cubic spline data interpolation
of the obtained points. All graphs were plotted using MATLAB R2022b software. Due to the
small sample size (N=1) statistical analysis was not performed to compare true versus engineering

maximum strengths.

5.4.3.4. Real-time behaviour under compression

To analyze the deformation and failure behavior of hydrogels under compression, including the
transition points between different deformation regions, we employed a combination of real-time
video recording and detailed stress-strain curve analysis. Sharp changes in the slope of the stress-
strain curves, as indicated by the 1% and 2" derivatives, were used to identify critical transition
points in the material's deformation to identify damage mechanisms. The critical points observed
in the gradient stress-strain curves were correlated with visual observations from the real-time plan
view video recordings. Screenshots were taken at the identified critical points during the video

analysis to provide visual documentation of the deformation stages and failure mechanisms.

5.4.3.5 Fractography

To better analyze the fracture details, including the shape, size, distribution, and density of
cracks and microcracks, we conducted a detailed post-test examination. At the end of the
compression test (2 mm displacement for ductile gels and maximum force for brittle gels), the
compressed hydrogels were transferred onto glass microscope slides and placed on a light
transmission source. The surfaces in contact with the upper platen were dyed by depositing a drop
of solution of blue Sharpie ink (Newell Brands, Atlanta, GA, USA) and isopropyl alcohol via a
plastic pipette. Photographs of the specimens were taken from a top-down view using a high-
resolution smartphone camera. Images of all seven types of specimens were captured at five

different time intervals to document the changes over time.
5.4.4. Scanning electron microscope

Scanning electron microscopy (SEM) was employed to image and compare the structure,
porosity, and morphology of different hydrogels. The goal was to find correlations between the
mechanical properties and microstructure of the in hydrogels prepared with different processing

conditions over time.
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To prepare the samples, fresh mixtures of waterglass solutions of different concentrations and
acids were made and poured into 1x1x1 cm? silicon molds, where they were allowed to gel. 5 and
60 minutes after the gelation point, the samples were immersed in liquid nitrogen to induce
freezing. After freezing, the samples were dried using a Savant SuperModulyo freeze dryer
(Thermo Electron, Waltham, MA, U.S.A) at a temperature of —40°C and a pressure of ~0.08 Torr
for 12 hours. Prior to imaging, the specimens were sputtered with gold using Denton Desk II
(Denton Vacuum Inc, Mooreston, NJ, U.S.A) for 90 seconds, resulting in a 12 nm gold coating to
reduce charging. Imaging was conducted in secondary electron (SE) mode with a Zeiss EVO

MA10 SEM (Carl Zeiss AG, Baden-Wiirttemberg, Germany) equipped with a LaBe filament.

5.5. Results and discussion

5.5.1. Mechanical properties in compression
5.5.1.1. Engineering stress-strain

Figure 5.3 illustrates the engineering compressive stress-strain (S-¢) curves for basic silica
hydrogels made with boric acid, and both basic and acidic silica gels made with phosphoric acid

at varying waterglass:water weight ratios
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Figure 5.3 Engineering compressive stress-strain curves (the average and standard deviation for N =5 ) for basic silica
hydrogels made with boric acid at a waterglass:water weight ratio of 1:5, and for basic and acidic silica hydrogels
made with phosphoric acid at ratios of 1:1, 1:3, and 1:5. The stress-strain curves are shown at 5, 15, 30, 45, and 60

minutes post-gelation, represented by progressively darker shades in different color palettes.
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The following observations can be made:

e All gels strengthen over time;

e All gels behave similarly shortly after gelation (t = 15 minutes);

e There is a distinct difference in the stress-strain curves between concentrated acidic and
basic gels (1:1) made with phosphoric acid. However, this difference tends to diminish as
the initial waterglass concentration decreases (1:5);

e Basic gels made with boric acid behave similarly to gels made with phosphoric acid at

the same initial waterglass concentration (1:5).

When a hydrogel forms, it initially contains a high amount of water dispersed throughout its
network. A metastable gel, like a silica hydrogel, spontaneously undergoes changes as time goes
by.

The strengthening of silica hydrogels over time can be attributed to the aging process. It should
be noted that while syneresis and gel aging are usually used interchangeably in the literature, they
could convey different mechanisms. According to [UPAC Compendium of Chemical Terminology
gel aging is defined as “time-dependent changes in the chemical or the physical structure and the
properties of a gel.” (ref *%, p. 1823) which could involve syneresis, polymerization, aggregation,
as well as chemical changes to constitutional units of the gel network. Syneresis is defined as
“spontaneous shrinking of a gel with exudation of liquid.” (ref **°, p. 1826). Bond formation or
attraction between silica particles or aggregates/agglomerates induces contraction and thereby the
exudation of liquid from the network. Therefore, aging contributes to the overall increase in gel
strength in two ways. Firstly, as the aggregates/agglomerates come closer together, they form new
bonds (chemical bonds such as Si-O-Si, or weaker secondary bonds such as hydrogen bonds),
which enhance the intermolecular forces between the silicate particles, leading to rearrangement
of silica particles to form thicker strands, increasing the gel strength. Secondly, syneresis and the
expulsion of water leads to a denser and more tightly packed network of silicate

aggregates/agglomerates within the gel, further increasing the mechanical strength of the gels.

Generally, the kinetics of aging (including syneresis) depend on the driving force, the mobility
of the gel network, and the rate of fluid flow through the contracting gel*?’. The driving force for

aging is usually attributed to the same chemical and physical reactions that initiate gelation, such
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as hydrolysis and condensation reactions as well as the aggregation of silica particles through
physical and chemical interactions. Since the rates of these reactions are sensitive to pH, the rate
of syneresis should also depend on pH. Moreover, our results in chapter 3 and 4 have shown that
gels made at different pH values and waterglass concentrations have widely varying chemical
structures and microstructures, affecting the mobility of the network and the permeability of the
pores. Therefore, it is expected that gels made under different conditions will have different rates
of aging and consequently, exhibit varying effects of time on their mechanical strength and

stiffness.

The maximum stress in the corresponding stress—strain curves of different hydrogels is shown
in Figure 5.4a and Figure 5.4b for basic and acidic gels in different aging times. Hydrogels have
been compared from two aspects: 1) effect of hydrogel composition in constant aging time (Figure
5.4a) 2) effect of aging time at constant composition (Figure 5.4b), which will be discussed in the

following in detail.
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Figure 5.4 (a) Effect of hydrogels’ composition on maximum compressive strength of basic hydrogels. (b) Effect of
hydrogels’ composition on maximum compressive strength of acid hydrogels. (c) Effect of aging time on maximum
compressive strength of basic hydrogels. (d) Effect of aging time on maximum compressive strength of acidic
hydrogels. Statistically significant differences for figures a-d are indicated as follows: *P < 0.05, **P <0.01, ***P <

0.001, where P represents the p-value. (e) Ductility in brittle (acidic 1:1) and ductile gels(basic 1:1, 1:3, 1:5 and acid

1:3 and 1:5) by determining the strain at their maximum strength according to Figure 5.3.
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Effect of composition in constant aging time

As seen in Figure 5.4a and Figure 5.4b, there is no significant difference between different
hydrogels shortly after gelation. The first differences arise 30 minutes after the gelation point (t =
40) in the basic gels group and 15 minutes after gelation (t = 25) in the acidic gels group. This
delay is because, at the early stage after gelation, hydrogels are still not fully developed and remain
soft and weak, regardless of their composition. As more time passes and the gels' network becomes
more developed, the differences between hydrogels of different compositions become more
pronounced, and differences in maximum strength can be found between any two kinds of
compositions. The only exception is the basic 1:5 hydrogels made with boric acid and phosphoric
acid, which do not show any difference at any time. This finding highlights the importance of pH
and waterglass concentration over the type of acid used and is consistent with our previous
observations regarding the gelation kinetics, optical properties, and molecular structure

dependency on pH in these gels.

One would expect that the maximum mechanical strength of basic gels would decrease in the
order of 1:1, 1:3, and 1:5 due to the decreasing silica concentration and increasing water content.
However, the basic 1:3 gels showed the highest strength. As we dilute the solutions in basic gels,
the pH lowers, leading to reduced repulsion and an increased rate of condensation. Both factors
favor agglomeration and the formation of more bonds between the particles. On the other hand,
decreasing the silica content reduces the number of particles, which works against the formation
of new bonds. Therefore, basic 1:3 gels provide an optimal balance between these opposing
factors, allowing for a more effective cross-linking network within the gel and resulting in higher
compressive strength compared to the 1:1 and 1:5 ratios. Moreover, our statistical analysis results
showed no significant difference in the maximum strength between acidic and basic gels of the
same waterglass concentration (e.g., between acidic 1:1 and basic 1:1), even an hour after gelation.
While this outcome was expected for the 1:5 gels due to their similar behavior in optical properties
and pore size according to previous studies, it is surprising for the concentrated gels due to their
very different molecular structure and optical properties. However, it is important to note that the
maximum strength reported for acidic 1:1 gels occurs at their fracture point (see Figure 5.3), with

strains ranging from 0.26 to 0.36, while for ductile basic 1:1 gels, it is reported at 0.50 strain.
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Therefore, despite having similar maximum strength values, 1:1 acidic and basic gels exhibit

distinctly different behaviors.
Effect of aging time at constant composition

The impact of aging time is significant for concentrated gels. In basic 1:1 gels, the maximum
stress sixty minutes after gelation (29.9 +2.63, t = 70 minutes) is approximately three times higher
than five minutes after gelation (9.5 + 0.9, t = 5 minutes). In acidic 1:1 gels, the maximum stress
sixty minutes after gelation (53.65 + 11.43, t = 70 minutes) is about seven times higher compared
to five minutes after gelation (7.77 £+ 2.65, t = 5 minutes). This effect diminishes as the initial
waterglass solution becomes more diluted. In acidic and basic 1:5 gels, the maximum stress sixty
minutes after gelation (t = 70 minutes) shows no significant difference compared to five minutes
after gelation (t = 15 minutes). This contrast suggests that the rate of gel aging, or the impact of

gel aging, decreases with decreasing waterglass concentration.

A possible reason for the reduced impact of aging on the maximum stress at lower waterglass
concentrations is that there are fewer silicate structural units available to form new chemical or
physical bonds. This reduction in reactive sites limits the extent of additional bonding and network
densification that can occur over time, thereby lessening the impact of aging on the mechanical
strength of the gels. Moreover, at lower concentrations, the gels inherently have a more dilute and
less interconnected structure. This less dense network does not have as many internal stresses
driving syneresis, and as a result, the structural changes and strengthening due to aging are less

significant.

Our previous studies have shown that (1) concentrated basic gels have larger pores compared
to acidic gels, and (2) the silicate structural units and primary and secondary particles are larger in
basic gels compared to acidic gels. Consequently, we conclude that the contribution of continued
formation of bonds between particles is more significant than syneresis in increasing the strength
of concentrated acidic gels. This claim is consistent with the fact that acidic gels have smaller
pores (lower permeability), higher mobility of units, and more reactive (SiOH) sites, leading to a
greater increase in strength over time compared to concentrated basic gels. On the other hand, in
basic gels, the contribution of syneresis and shrinking is likely higher in their strengthening over

time.
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5.5.1.2. Identifying regions in stress-strain curves

Characteristic regions in the stress-strain curve of silica hydrogels provide insights into the
underlying deformation mechanism and how the hydrogel structure rearranges under stress, its
capacity for plastic deformation, and potential failure modes. Three different patterns can be

observed in the stress-strain curves of gels in Figure 5.3, which are shown in Figure 5.5a:

(1) An increase in stress, a plateau, followed by a further increase in stress;
(i)  An overall increase in stress;
(ii1))  An increase in stress, reaching a peak, and then a decrease in stress.

All types of behavior, including an elastoplastic plateau followed by densification (type i) 4?%4%,

continuous nonlinear strain hardening behavior (type ii)*%*!

, and brittle fracture (type iii)
421432433 "have been reported for silica and other types of hydrogels under compression. However,
the corresponding regions in stress-strain curves and the underlying mechanisms causing these
different behaviors remain unclear for silica hydrogels, or even hydrogels in general. The stages
of deformation in hydrogels under compression can be compared to those of cellular solids or
foams. Silica hydrogels are similar to foams because they can be modeled as a two-phase medium,

consisting of a solid phase (a 3D network of silicate particles and aggregates/agglomerates) and a

fluid phase (water molecules), with the solid phase essentially behaving like a foam.

Figure 5.5b shows schematic compressive stress-strain curves for an elastomeric, elastic-
plastic, and brittle foam, as proposed by Gibson and Ashby***. All types of foams exhibit linear
elasticity at low stresses, followed by a long collapse plateau, and finally a regime of densification
where the stress rises sharply. The deformation mechanisms associated with each regime are as
follows for foams: (i) cell-wall bending during loading in the linear-elastic regime, (ii) cell-wall
buckling during loading in the non-linear elastic regime, (iii) cell-wall yielding during loading in

the plastic regime, and (iv) cell yielding and fracture.
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Figure 5.5 (a) schematic of typical compressive stress—strain curves observed in silica hydrogels in this study (i) brittle
hydrogels that show brittle fracture followed by a sudden drop in stress (ii) ductile hydrogels with a plastic yielding
plateau (iii) ductile hydrogels with continues strain hardening. (b) schematic of typical compressive stress-strain
curves for foams showing the regimes of linear elasticity, collapse and densification in elastomeric, elastic-plastic and
elastic-brittle foams, adapted from ref 4, p. 177.

Equivalent to cell wall bending in foams, the initial elastic region in silica hydrogels is

controlled by the bending of silicate network walls, which are aggregates/agglomerates of silicate

particles held together by strong primary or weak secondary bonds, respectively. Unlike rigid
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materials like metals and ceramics, where elasticity is limited to atomic bond stretching, the silicate
particles in hydrogels can rearrange without breaking bonds. For highly elastic materials like
rubber, elasticity is achieved through polymer chain folding and unfolding. The elastic region in
silica hydrogels is defined by the movement of silicate structural units within the network. This
movement is facilitated by the water medium, which allows for flexibility and prevents permanent
deformation. Steric hindrance, repulsion between silicate species and other ions, along with the
covalent Si-O bonds within particles, restrict this movement, so the material behaves elastically

up to a certain point.

As compression continues beyond the elastic limit, the silica hydrogel enters the plastic region,
where significant structural rearrangements go beyond mere bending of the silicate network walls.
All gels exhibited plastic deformation and cracks (along with breaking for acidic 1:1 gel) at the
end of the test, as can be seen from the macrographs in Figure 5.3. Comparing the typical stress-
strain curves types in silica hydrogels (Figure 5.5a) with typical stress-strain curves in foams
(Figure 5.5b), we see that only type ii silica hydrogels clearly exhibit stress-strain curves with
characteristics similar to those observed in foams. This similarity is indicated by the presence of a
plateau region (observed in acidic 1:3, acidic 1:5, and basic 1:5 gels 30-60 minutes after gelation),
followed by densification. Their plateau resembles the plateau in elastic-plastic foams, which
results from collapsing the cells by the formation of plastic hinges. In the case of silica hydrogels,
when the rearrangement of silicate tetrahedra and particles within agglomerates become more
constrained, silicate network walls collapse whilst the liquid is exuded because, unlike gases, the
liquid is incompressible and therefore flows out of the silica hydrogel under large enough values
of compression. This process absorbs energy and allows for significant deformation at nearly

constant stress, leading to a plateau in the stress-strain curve.

However, this plateau is not observed for gels at the early stages after the gelation point, or at
any time in the case of concentrated basic 1:1 hydrogels. Instead, a non-linear strain hardening is
observed (type iii). In foams, the cell collapse stress and the post-collapse behavior depend on
whether they have open or closed cells***. Open cell foams collapse at almost constant load, giving
a long flat plateau, while in enclosed cell foams, the compression of the gas within the cells
together with the membrane stresses, which appear in the cell faces, give a stress-strain curve

which rises with strain. Therefore, type iii gels have behavior similar to closed cell foams. Plastic
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collapse in an open cell foam occurs when the moment exerted on the cell walls exceeds the fully
plastic moment, creating plastic hinges. Closed cell foams are more complicated; in them, the
plastic collapse load may be affected by the stretching as well as the bending of the cell walls and
by the presence of a fluid within the cells. For plastic deformation in silica hydrogels, there is a
combined effect of the plastic bending of cell edges and plastic stretching of their faces. To this
must be added the contribution of the fluid contained in the cells, which in the case of water, the
pressure is significant. Other factors, such as the formation of new bonds between silicate particles
and their size, mobility, and flexibility (which is dependent on pH) also play a role here, making

the behavior more complex and potentially leading to the absence of a plateau in some cases.

Concentrated acidic 1:1 hydrogels exhibit brittle behavior (type i)—characterized by abrupt
failure and less plastic deformation compared to other gels—aligning more with the mechanical
response of brittle polymers rather than elastic-brittle foams in Figure 5.5b. This behaviour is
mostly because the water inside the gel network is incompressible, and does not allow a brittle
crushing plateau. Acidic 1:1 hydrogels are composed of smaller particles with more contact points
and reactive sites on surface, leading to stronger inter-particle interactions. These stronger
interactions result in a more rigid network that resists deformation, causing them to exhibit
brittleness and a glass-like behavior. The pores in these gels are very small, and the water trapped
inside the pores has such strong interactions (hydrogen bonding) with the reactive sites on silicate
walls that the entire gel behaves more like a bulk brittle solid than a viscoelastic gel. This behavior
is not observed in other acidic gels, as they contain more water and have bigger pores, resulting in

higher ductility.

Ductility is defined as the strain at maximum strength. As illustrated in Figure 5.4e, all ductile
gels—including all basic gels made with phosphoric acid and boric acid, and acidic gels with a
waterglass-to-water weight ratio of 1:3 and 1:5—show an increase in strength up to a strain of 0.5.
In contrast, brittle gels, the acidic gel with a waterglass-to-water weight ratio of 1:1, exhibit a
decrease in ductility over time, with the average strain at maximum strength dropping from 0.5 to
0.27. It is important to note that even though some gels may show damage or cracks (as detailed

in the following sections), they remain sub-critical.

Densification is the final region in all stress-strain curves of hydrogels under compression.

Plastic strains in compression cause the cell walls to crush together and the pores to collapse and
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close, leading to densification of the material. As a result, the stress-strain curves rise steeply to a
limiting strain. This process can be accompanied by water being expelled from the gels, with the
extent depending on the silicate particle size, their protonation (number of SiOH groups), pore
size, and amount of water. Generally, the gels that had higher water content exuded more water.
In case of concentrated 1:1 gels with same water content, basic gels were observed to exude more

water due to their larger pores and higher strain at the end of test.

5.5.1.3. Deformation and Failure Mechanism

Having identified the possible different regions in the compressive stress-strain curves of silica
hydrogels, the next critical question is how to precisely determine their onset and conclusion
points. The strain ranges corresponding to these regions provide significant insights into the
mechanical behavior of the hydrogels. Another challenge is how to appropriately report the
strength and mechanical properties of hydrogels. The two common ways are to report the
maximum compressive stress recorded during the test, as we did in Figure 5.4, or to report the
strength at a specific strain (usually 50%) for ductile gels without fractures. However, depending
on the application, entering the densification stage might not be acceptable. Therefore, it is crucial
to consider these stages when evaluating mechanical properties. Employing the 1%-derivative of
the compressive stress-strain curve could provide a more detailed understanding of the different
deformation regions, which has been used by other researchers*>*° Here, we are going to
investigate the derivative(s) of compressive stress-strain curves of silica hydrogels for the first
time to get more details about the transition points of different deformation regions, and their
relevance to our real-time observations of their deformation (such as crack initiation and

propagation).

The first derivatives of the engineering stress-strain curves of silica hydrogels are shown in
Figure 5.6. Initially, at t = 15 minutes, all the hydrogels exhibit a smooth increase in slope. Shortly
after gelation, the hydrogel structure is not fully developed, with new hydrogen bonds still forming
between particles. The early stages of gel formation result in a less rigid and more ductile network
that deforms continuously under increasing stress. As more time passes (t > 15 minutes), distinct
behaviors emerge, corresponding to the different patterns observed in stress-strain curves: type i

(acidic 1:1), type ii (acidic 1:3, acidic 1:5, basic 1:5), and type iii (basic 1:1 and basic 1:3).
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Figure 5.6 Gradient (first-derivative) of compressive engineering stress-strain curves of basic silica hydrogels made

with boric acid at a waterglass:water weight ratio of 1:5, and for basic and acidic silica hydrogels made with phosphoric

acid at ratios of 1:1, 1:3, and 1:5. The stress-strain curves are shown at 5, 15, 30, 45, and 60 minutes post-gelation,

represented by progressively darker shades in different color palettes.

In type 1 hydrogels, the stress-strain slope increases to a maximum before decreasing. When the

slope reaches zero, indicating the maximum in the stress-strain curves, it marks the point of brittle

fracture, resulting in a sudden drop in force. The strain at which the slope reaches zero decreases

over time, indicating increased brittleness as the hydrogel ages. Type ii hydrogels also show an
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initial increase in the stress-strain slope, followed by a decrease. However, unlike type i hydrogels,
type ii hydrogels are ductile and continue to deform, with the force continuing to increase. The
slope then starts to rise again due to densification, which becomes more pronounced over time.
Type iii gels demonstrate a gradual increase in the stress-strain slope with some fluctuations,

corresponding to their continuous increase in stress-strain curves without a plateau.

Notably, at t = 15 minutes, hydrogels of all types exhibit a constant slope up to 0.1-0.2 strain,
indicating a linear elastic region. However, most fully developed gels show a gradual increase in
slope with increased deformation, even at very small strains. This finding contrasts conventional
methods, where the Young’s modulus of elasticity for hydrogels is calculated by a linear fit along
the engineering stress-strain curve between 5% and 10% strain®***!437_ Figure 5.6 illustrates the
non-linear nature of compressive stress-strain curves, suggesting that calculating the slope of the
linear portion is ambiguous since there is no true linear portion. Some researchers have indicated
the elastic region based on the initial ‘instant fit’ (tangent) to the engineering stress-strain derived
from the crosshead displacement curve . However, the accuracy of these initial data points can be
problematic due to load cell inaccuracies, noise, and non-ideal surface flatness. Krupa et al.**
proposed averaging values in a nearly-linear region or approximating the Young’s modulus to
strain dependence after extrapolating to zero deformation. Since the Young’s modulus calculated
from the stress-strain curve is not an “intrinsic” property for silica hydrogels—due to the strong
dependence on microstructure, pore volume fraction, and interactions among silicate units,
particles, aggregates/agglomerates, and water—calculating Young’s modulus is mainly useful for

comparison and contrast, provided all external and environmental conditions remain constant.

To relate the rate of stress-strain to different deformation stages, we hypothesized that points
where a sharp change occurs in the slope of the gradient stress-strain curve indicate changes in the
material's deformation mechanism. We then correlated these points with the critical points
observed during real-time imaging of the cross-sectional area. Before proceeding, we need to

define these critical points:

e Crack Initiation Point: The strain where a visible crack forms.

e Crack Propagation Point: The strain where there is a visible change in the length of the

initial crack or where new cracks form.
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e Yield Point: The strain where the gradient stress-strain curve shows a maximum,
followed by a sharp decrease toward breaking. This point should not be confused with
elastic-to-plastic yielding.

e Brittle Failure: The strain where the sample breaks, accompanied by a drop in the initial
force-displacement curve.

¢ End of Test: The point where the strain reaches 0.5.

Due to uncertainties about the elastic-to-plastic transition and the lack of corresponding visual
changes in the cross-sectional area during this type of transition, this point was not considered.
The results for one acidic and one basic gel are shown in Figure 5.7 and Figure 5.8. Five minutes
after gelation (t = 15 minutes), no sharp changes are observed in the stress-strain slope of basic
gels, and no visible cracks appear (Figure 5.7). However, after this period, basic gels exhibit a
sharp increase in slope, coinciding with visible crack initiation. Subsequent changes in the slope
were accompanied by crack propagation and formation of new cracks. In cases where the slope
temporary remained constant or decreased after cracks initiate, videos showed that the open cracks
were being closed by compression or filled with water. By the end of the test, all gels exhibited
plastic behavior despite crack formation, indicated by the fact that there was no drop in force
during the test and the cracks did not completely break the specimens. Moreover, examining the
strains at which crack initiation occurs revealed a clear trend over time. Five minutes after gelation,
no cracks were observed up to a strain of 0.5. Over time, cracks began to initiate at strains of 0.25

and eventually at 0.1, indicating that the gels become more brittle as they gain strength.
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Figure 5.7 First-derivative graphs of basic 1:3 silica hydrogels at various times after gelation (left). Critical points,

identified by sharp changes in slope, are correlated with key observations from real-time monitoring of the compressed

cross-sectional area (right}—namely, crack formation and growth.
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Figure 5.8 First- and Second-derivative graphs of acidic 1:1 silica hydrogels at various times after gelation, shown on
left and right y-axis, respectively (at left). Critical points, identified by sharp changes in slope, are correlated with key

observations of gel damage from real-time monitoring of the compressed cross-sectional area (right).
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The gradient curves of brittle acidic 1:1 hydrogels differ from that of basic gels. Due to the
complexity, we included the second derivative of the stress-strain curve to enhance resolution and
highlight subtle features in acidic gels (Figure 5.8). Five minutes after gelation (t = 15 minutes),
the behavior of acidic hydrogels is very similar to that of the basic gels in Figure 5.7, exhibiting
ductility. The only difference is that the cracks are more visible, likely due to their larger size or
the higher transparency of these gels compared to the basic ones. After this point, the hydrogels
show a change in slope at the crack initiation point, followed by another increase at the crack
propagation point (evident in the second-derivative graph), leading to the yield point. All samples
exhibited brittle fracture shortly after this point. The strains at which crack initiation occurs
decrease from 0.20 to 0.08, crack propagation from 0.33 to 0.18, yield from 0.45 to 0.31, and brittle
fracture from 0.47 to 0.35 as time progresses up to an hour after gelation. This behavior is similar

to that of basic gels, indicating that the gels become more brittle as they gain strength.

5.5.1.4. Fractography

Macrographs of dyed hydrogels' surfaces (facing the upper platen) can be evaluated in Figure
5.9. These images show the end of the test (0.5 strain) for plastic hydrogels (type iii and type ii)
and fracture point for brittle hydrogels (type i). As can be seen, dying the samples revealed many
microcracks that were not visible during real-time imaging. Cracks do not grow under
compression; growing cracks imply that there are local tensile/shear forces due to internal stresses,

which are larger than the remote compressive stresses that tend to close the crack*’.
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Figure 5.9 Fractography of dyed compressed hydrogels at maximum strength (0.5 strain for ductile gels and the break
point for brittle gels) at 5, 15-, 30-, 45-, and 60-minutes post-gelation.
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Before assessing the hydrogels, we need to identify different modes of fracture and categorize
the cracks formed. Fracture mechanics is generally broken into three modes of fractures (mode I,
I1, and IIT) based on the forces acting on the body**’. Mode I is the opening mode caused by tensile
stress perpendicular to the fracture plane. Mode II is the sliding mode (i.e., the in-plane shear
mode), which results from shear stress acting parallel to the fracture surface. Mode II1 is the tearing
mode (i.e., the anti-plane shear mode), which is induced by shear stress acting parallel to both the
fracture surface and the fracture front. Based on mode of fracture, the location and shape of cracks,
and observations during real-time imaging, cracks and features observed in fractography in silica

hydrogels can be divided into these categories (Figure 5.10):

=G,
R
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Splitting \
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radial Circumferential
crack crack
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Figure 5.10 Macrographs taken from real-time videos displaying (a) various crack types in compressed silica
hydrogels: radial cracks, splitting cracks, and circumferential cracks (b) potential developments after a radial crack
forms: blunting, kinking, and bifurcation. (c) fragmentation resulting from kinked radial cracks and circumferential

cracks joining, or kink cracks joining.
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1) Radial cracks:

Cracks that initiate on the edge (circumferential surface) and grow toward the center (see Figure
5.10a). As the disk expands radially, the hydrogel surface is stretched, generating a tensile hoop
stress, which acts circumferentially around the disk. If the tensile hoop stress exceeds the
material’s tensile strength, it can initiate radial cracks (mode I). After forming, these radial cracks
may stop growing (via blunting). The stress at the crack tip leads to plastic deformation, increasing
the overall energy consumption at the crack tip, resulting in blunted cracks. Thus, the energy
available for crack propagation is significantly reduced, improving fracture toughness**!. The tip
of the radial crack may initiate a kink crack if the in-plane shear stress is greater than the local
hoop stress (the tensile stress at the crack tip to open the radial crack). Therefore, kinking is a result
of incipient crack growth under mixed-mode I and mode II (in-plane shear) loading**?. After
kinking, the crack continues to grow along a smooth curve. Bifurcation may also occur instead of
kinking in one direction. It should be noted that radial cracks initiated from circumferential stress
can increase the stress and cause more cracks to form. Formation of radial cracks and the

subsequent possibilities of blunting, kinking and bifurcations are illustrated in Figure 5.10b.

2) Splitting cracks:

Longitudinal splitting cracks initiate due to tensile stress parallel to the top and bottom surfaces
(mode I). These splitting cracks can either form on the surface or extend throughout the bulk of
the material (axial splitting), depending on the stress distribution and material properties. Brittle
gels are more prone to axial splitting because they lack the ability to deform plastically and absorb
energy, leading to rapid crack initiation and propagation and brittle failure (axial splitting happens

after their yield point). An example of splitting crack is shown in Figure 5.10a.

3) Circumferential cracks:

Under compression, and unavoidable friction between the specimen surfaces and the platens,
there is not only a significant shear stress induced on the surface, but also a gradient in shear stress
at different heights within the sample (highest at mid-height), which can lead to circumferential
cracks. Brittle gels may exhibit circumferential cracks due to lack of plastic deformation, while
very soft gels form curved cracks to adapt to the gel's high surface area changes. An example is

shown in Figure 5.10a.
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4) Branching:

As the main crack grows, the stress at the crack tip intensifies, leading to localized areas of
deformation. These localizations cause smaller cracks to merge (coalescence), forming micro-
branches**. As the stress continues to build, these micro-branches extend and develop into larger
macro-branches, creating a complex network of cracks, which can be seen in most of the hydrogels

in Figure 5.9.
5) Fragmentation:

The kinking cracks can join together or join with circumferential cracks, leading to
fragmentation. The higher stress concentration in the outer part of the hydrogels makes the outer
regions more susceptible to crack initiation and propagation, creating isolated fragments and
resulting in a fragmented zone near the edge of the disk. Fragmentation could be a result of mixed-
mode consisting of mode I and mode III (antiplane shear), causing segmented fracture fronts. The
gradient in shear stress on the surface controls the direction of fragmentation, which is mostly

circumferential. An example of fragmentation is shown in Figure 5.10c.

Now that different crack types and phenomena are defined, the following observations can be

drawn from Figure 5.9:

e Final Cross-Sectional Area: there is an inverse relationship between the final cross-
sectional area and the gel’s strength and plasticity. Acidic 1:1 hydrogels, which
experienced brittle failure, had the lowest final cross-sectional area;

e Crack Density and length: the density of microcracks generally decreases over time,
while the density of larger cracks increases. Microcracks indicate plasticity and weaker
strength, whereas larger cracks suggest brittleness and higher strength;

e Radial Cracks: all hydrogels exhibited some degree of radial cracking as the surface area
increased;

e Crack Blunting: primarily observed in hydrogels five minutes after gelation (t = 15
minutes) and in type iii gels, which are softer and undergo more plastic deformation;

e Radial Crack Kinking: all hydrogels exhibited radial crack kinking, except those that
exhibited radial crack tip blunting;
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¢ Fragmentation: results from the joining of kinked radial and circumferential cracks,
mainly seen in type 1 and type ii gels. The fragmentation zone is concentrated in the outer
1/4 of the radius due to higher tensile hoop stresses and boundary effects. Type iii weak,
plastic hydrogels tended to deform and absorb energy rather than fragment;

e Axial Splitting Cracks: occur only in brittle hydrogels (type i gels or some gels an hour
post gelation). Surface splitting cracks were observed in all types of gels except shortly
after gelation (t = 15 minutes);

e Gel Composition: all gels made with an initial water-to-waterglass concentration of 1:5
(using boric or phosphoric acid) closely resemble each other. However, there is a distinct

difference between the fractography of concentrated acidic and basic gels.

5.5.1.5. True versus engineering stress-strain

The compressive true stress-strain curves of the basic and acidic silica hydrogels can be
compared with the corresponding compressive engineering stress-strain curves in Figure 5.11 and
Figure 5.12, respectively. As can be seen, generally the true stress is lower than the corresponding
engineering stress due to the constant increase in cross-sectional area of the hydrogels during
compression and the final true strain is 0.40 instead of 0.5. The difference between the engineering
and true stress at the maximum stress point (at e = 0.5 for ductile hydrogels and at the fracture
point with e = 0.3-0.5 strain for brittle hydrogels) relative to the value of engineering stress is
shown in Figure 5.13. The results show that engineering stress is 28-55% and 25-62% higher than
its true value in basic gels and acidic gels, respectively. This suggests that engineering stress
significantly overestimates the strength at higher strains due to the reduction in cross-sectional
area during plastic deformation and densification, regardless of processing conditions. In the basic
group, the basic 1:3 gel, and the acidic 1:1 gel in the acidic group had the lowest change between
true and engineering stress. Both of these samples also exhibited the highest strength in their
respective groups. This result implies that gels with higher strength tend to have a less pronounced
difference between engineering and true stress, potentially due to a more stable cross-sectional
area during compression. Converting the engineering compressive stress-strain to true stress-strian

did not change the overall tend observed in hydrogels.

183



Engineering
% 1:1
60}
©
40}
w —"—:
0 B P L
a-"__.,_.—_‘_ _—r-.
5 —E::i‘:_—:i’:__.::::—_:.——r--"
0 01 02 03 04 05
o e (mm/mm)
)
© 801
om
o 60} 1:3
Sl -
<L o 4l P
o = iy
= -
= 201 ,.o—"'_ o "
s "-."._,f‘:‘:,gr'.
73 01:;:’;32*-1-;:&':‘%::‘-- ‘ |
o 0 01 02 03 04 05
S e (mm/mm)
80
” 15
o :
T 40
w
20
.- ::tsaﬁ'—‘!
0 'p—-.-—!—ﬂ‘-_-_._-_:_t_:_:ls i 3 - S H
0 01 02 03 04 05
e (mm/mm)
% 15
L
© 6o
0
- £ 40
= <
< 20t
= =&
5 IPUEPEITEE 1k b
S Or--o-un._.i_—.ﬁig—L
(aa] 0 01 02 03 04 05
e (mm/mm)

Figure 5.11 Engineering compressive stress-strain curve (left) versus true compressive stress-strain curve (right) for
basic silica hydrogels made with boric acid at a waterglass-to-water weight ratio of 1:5, and phosphoric acid at ratios
of 1:1, 1:3, and 1:5 (n = 1). The stress-strain curves, shown at 5, 15, 30, 45, and 60 minutes post-gelation. The curves

are plotted based on 11 points with cubic spline extrapolation, using real-time monitoring of cross-sectional area to

obtain true stress data.
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Figure 5.12 Engineering compressive stress-strain curve (left) versus true compressive stress-strain curve (right) for
acidic silica hydrogels made with phosphoric acid at ratios of 1:1, 1:3, and 1:5. The stress-strain curves, shown at 5,
15, 30, 45, and 60 minutes post-gelation (N=1). The curves are plotted based on 11 points with cubic spline

extrapolation, using real-time monitoring of cross-sectional area to obtain true stress data.
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Figure 5.13 Percentage of the overestimation of maximum engineering stress relative to the maximum compressive
stress obtained from true stress-strain curves of (a) basic silica hydrogels made with boric acid at a waterglass-to-
water weight ratio of 1:5, and phosphoric acid at ratios of 1:1, 1:3, and 1:5 (N=1), at 5, 15, 30, 45, and 60 minutes
post-gelation; and(b) acidic silica hydrogels made with phosphoric acid at ratios of 1:1, 1:3, and 1:5 (N=1), at 5, 15,
30, 45, and 60 minutes post-gelation.

5.5.2. Microstructure, and its connection to molecular structure and mechanical properties

The micrographs of different acid-initiated hydrogels five and sixty minutes after gelation are
shown in Figure 5.14. Agglomeration of silicate particles in a basic medium results in the
formation of a uniform porous mesh-like network structure, with pore sizes ranging from 3 um to
20 pm (Figure 5.13(a—d)). The pore size tends to increase with increasing water content and
appears very similar between basic 1:5 gels made with boric acid and phosphoric acid, as they
contain the same amount of water. These 3D networks appear as a continuous network of walls
less than a micrometer thick. The porous mesh-like network structure is more uniform at higher
waterglass concentrations, though it becomes non-uniform and significantly distorted when water

content exceeds 75 wt.% (basic 1:5 gels).
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The higher maximum strength in basic 1:3 gels compared to basic 1:1 gels can also be explained
by the observed microstructure. In basic 1:3 gels, the network remains intact (except for larger
pores and pore volume) and is not distorted as in the 1:5 gels. Although there is less silica compared
to the 1:1 gels (25% versus 50% waterglass), the large number of connections between the silicate
particles and strong hydrogen bonding with water contribute to the enhanced strength.
Additionally, the wall thickness in the 1:3 gels appears even thicker than in the concentrated 1:1

gels. The pore size distribution is quite wide for all basic hydrogels.

Concentrated acidic and basic gels differ significantly in microstructure shortly after gelation
(Figure 5.14a and Figure 5.14¢). Concentrated acidic gels show a fused-sphere-like microstructure,
with spheres connected throughout the whole sample volume. The size of these spheres ranges
from approximately 1 to 3 um. This fused-sphere morphology creates voids between the
agglomerated spheres, forming a continuous pore space. The structure of the 1:1 acidic gel is
denser than that of the basic gel. This structure, with numerous small pores, may result in lower
syneresis and greater water-holding capacity, thus promoting the stability of the gel and giving it
a more rigid and brittle behavior. As more water is introduced into acidic gels (Figure 5.14(e-g)),
the microstructure becomes more similar to that of basic gels, with a distorted 3D network of walls
and large pores. The structure of acidic 1:5 gels is very similar to that of basic 1:5 gels, aligning

with their similar mechanical properties.

The gel point does not indicate the completion of gel structure formation. An hour after gelation,
the walls in all basic gels become thicker, and the pore size reduces, ranging from roughly 1 um
to 15 um (Figure 5.14(h-k)). At this point, the gel network is more developed and has aged. Two
events are believed to occur simultaneously during the aging process, leading to increased wall
thickness: deposition of smaller dissolved particles on larger particles and neck growth between
deposited silica particles***. It should be noted that the pores are not filled with pure water; many
silicate oligomers or small particles can still deposit on the silicate particles and agglomerates. In
acidic gels, a homogeneous, non-macroporous structure forms after aging. The structure in
concentrated acidic gels is so packed that it gives a glass-like appearance. Similar to the state five

minutes after gelation, acidic 1:5 gels behave similarly to their basic counterparts.
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Figure 5.14 SEM micrographs of silica hydrogels made with phosphoric acid and boric acid at basic and acidic pH

and different water:waterglass ratios, 5 minutes after gelation point (a-g) and 60 minutes after gelation point (h-m).
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The differences between these gel systems may be attributed to the size of their structural units,
the size of primary and secondary silicate particles, and the density of physical bond formation
within the network, which consequently affect the microstructure, pore size, and mechanical
properties. From previous chapters, we observed that gelation in silica hydrogels occurs through
the agglomeration of silicate particles via physical interactions such as hydrogen bonding and

electrostatic interactions.

The larger and bulkier structural units in basic gels form larger and looser particles due to their
fewer active sites, steric hindrance, and some degree of negative charge repulsion. These factors
prevent them from forming packed structures when agglomerated, so they tend to spread as walls
throughout the space, creating mesh-like structures with large spaces between them filled with
liquid. The low density and the freedom of large silicate particles to move and slide over one
another give the material a ductile mechanical behavior. Over time, the walls thicken and the pores

become smaller.

In contrast, the smaller structural units in acidic gels form smaller and more tightly packed
particles. Upon agglomeration, these particles form packed spherical structures due to their high
surface area and numerous active sites. These particles form strong connections both with each
other and with the trapped water inside the pores, leading to a fused-sphere-like microstructure
with rough surfaces and many tiny pores. The high density and rigid connections between the small
silicate particles and water molecules give acidic gels a brittle behavior. Over time, the structure

becomes more packed with smoother surfaces.

5.6. Conclusion

In this study, we investigated the effects of processing conditions (pH, waterglass
concentration, and type of acid initiator) on the mechanical properties, deformation, and failure
mechanisms of acid-initiated silica hydrogels. Using an innovative experimental setup to monitor
changes in cross-sectional area in real-time under compression, we gained insights into

compressive stress-strain behavior and failure mechanisms. Key findings include:

e Silica hydrogels showed varied responses under compression depending on their

preparation conditions. Basic gels transitioned from continuous strain hardening to
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showing a plastic plateau with increased water content. Acidic gels exhibited brittle
fracture but shifted towards a plastic plateau with more water;

e Mechanical strength depended on both composition and aging time, increasing over time
in all hydrogels, though this effect was reduced with dilution. Basic 1:3 gels and acidic 1:1
gels exhibited the highest stress in their groups, with 38.03 + 11.23 MPa and 53.65 £ 11.43
MPa, respectively. Although their maximum strengths were not statistically different, their
behaviors differed: basic gels were ductile up to 0.5 strain, while acidic gels experienced
brittle fracture at 0.3 strain. Basic gels made with boric acid and phosphoric acid at the
same waterglass concentration showed similar mechanical strength and deformation
behavior, highlighting the influence of pH and waterglass concentration over the type of
acid on mechanical response;

e Engineering stress underestimated maximum strength at higher strains—due to significant
cross-sectional area increases during deformation—with differences of 21-55% for basic
gels and 21-66% for acidic gels;

e The first and second derivatives of stress-strain curves provided insights into transition
points of different deformation regions, correlating with real-time deformation
observations such as crack initiation and propagation;

e Fractography at maximum strength revealed various crack types and phenomena, including
radial cracks, circumferential cracks, splitting, fragmentation, and microcrack networks;

e Microstructural analysis showed that the arrangement of large silicate particles and flexible
connections, along with large pores (3-5 um), resulted in ductile behavior in concentrated
basic gels. In contrast, small silicate particles and rigid connections in acidic gels resulted
in brittle behavior. Both gel types exhibited increased ductility and larger pore sizes (15-
20 um) upon dilution.

These insights into the mechanical properties of silica hydrogels can inform the design of
chemically controlled routes for modifying the macroscopic properties of final gels for specific
applications, including the development of formable, in situ setting bioactive glass-waterglass

composite bone scaffolds.
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Chapter 6: Conclusions and Future Work

6.1 Experimental conclusions

The key findings of this research include:

e Gelation kinetics of sodium silicate solutions can be controlled by adjusting the

processing conditions.

a.

Gelation time versus pH data were fit to exponential and fourth-order polynomial
equations in the basic (7-11) and acidic (2-7) regions, respectively. A relation was
found between the fitted equation parameters and waterglass concentration,

allowing prediction of gelation time for any given concentration and pH.

Gelation time showed a maximum at pH~2 for all waterglass concentrations and
showed an instant gelation time zone at different pH ranges, depending on the
waterglass concentration. The ranges were: narrowing down from 10.5 to 3.8, from
10.2 to 5.5, and from 9.5 to 5.8 as the waterglass:water weight ratio increased from

1:5, 1:3, to 1:1 respectively.

Any gelation time, including the target 10 minutes gelation time, could be achieved
in both acidic and basic regions. The specific pH for the target gelation time could
be adjusted toward neutral by decreasing the initial waterglass concentration.
However, the final microstructure and optical properties of these gels would be
significantly different for concentrated gels, with the difference diminishing as

waterglass is diluted.

With boric acid, being weaker than phosphoric acid, pH was only lowered in the
basic region. Because a vast volume of boric acid is required to lower the pH of
waterglass, the waterglass:water ratio was changed from 1:1 to 1:5 after introducing
the acid. Overall, the effect of acid type was found to be less significant in contrast
with pH and waterglass concentration. However, the large fluctuation in the water
volume concomitant with acid introduction makes controlling and predicting their

gelation kinetics more difficult in contrast to using phosphoric acid.
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o Studying the optical properties of gels provided insights into both gelation kinetics

and microstructure.

a. UV-VIS spectroscopy proved useful for indicating the gel point, marked by a rapid

decrease in the light transmittance rate over time. Differentiating light
transmittance spectra using various orders of derivatives enhanced resolution for a

more accurate determination of the gelation point.

Generally, the gelation point obtained by light transmittance data was shorter than
the ones obtained from the tube inversion method (~8 minutes versus ~10 minutes),
indicating that the former points to the onset of gelation while the latter points to

the formation of a rigid network.

The light transmittance data, in combination with SEM micrographs, revealed that
acidic gels are composed of smaller particles and smaller pores with less light
scattering, whilst basic gels have larger particles and larger pores, leading to more

light scattering and opacity.

The optical properties and microstructure of basic 1:5 gels made with boric acid
were similar to what was observed for 1:3 and 1:5 basic gels made with phosphoric
acid, respectively. This finding highlights a similar outcome found for gelation
kinetics: controlling and predicting gels’ properties becomes more challenging

when using boric acid.

e A revised interpretation of Raman spectroscopy data and a theory of gelation

mechanism were provided for silicate solutions.

a.

Re-examination of the commonly cited Raman peaks for silicate solutions and gels
revealed that the assignment of Si-O-Si bending modes to plain n-membered ring
structures is inconsistent with silicate structures identified by 29Si NMR in these
solutions.

A fresh approach for interpreting the 400-700 cm™! region of Raman shift spectra
was provided based on silicate species identified by 29Si NMR. Silicate structural
units were divided into 3-membered, 3,4-membered, 4-membered, and 5-

membered rings, encompassing various structures such as cage-like, quasi-cage,
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simple, and double-ring units, with the complexity and size of polymerized species
increasing moving toward lower wavenumbers.

Most silicate structural units present in sodium silicate solutions are within the
colloidal particle size range (>1 nm) and act as primary particles during gelation.
This fact suggests that the formation of new Si-O-Si bonds is not essential for gel
formation, which contradicts the widely accepted theory that new Si-O-Si bonds are

a prerequisite for gelation.

¢ Real-time Raman spectroscopy proved to be an effective technique for quantitatively

studying the sol-gel transition at molecular level in acid-initiated sodium silicate

solutions under different processing conditions.

a.

In acidic conditions, hydrolysis proceeds more rapidly than condensation, leading
to depolymerization and the formation of smaller, lower-order silicate units.
Conversely, in basic conditions, polymerization dominates, resulting in larger,
higher-order units.

Basic gels are made of large, loose secondary particles that agglomerate into a gel
network with large pores, while acidic gels are made of small, compact secondary
particles that agglomerate into a dense gel network with small pores.

Observing no change in the Raman spectra during the sol-gel transition suggests
that particle aggregation is primarily driven by fast-acting physical interactions,
such as hydrogen bonding and electrostatic interactions.

The presence of more water in the system promotes hydrolysis/depolymerization in
acidic conditions and polymerization in basic conditions, though it does not affect
the dominance of higher-order or lower-order silicate species. Silicate structural
units in basic gels made with boric acid were similar to basic gels made with
phosphoric acid, indicating that the pH is the main factor in dictating molecular
structure. For the microstructure, however, the waterglass concentration is inversely

proportional to the pore size.
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e Mechanical properties of silica hydrogels was greatly dependent on processing

conditions and time.

a. Basic gels transitioned from continuous strain hardening to showing a plastic
plateau with increased water content. Acidic gels exhibited brittle fracture but
shifted towards a plastic plateau with increasing water content.

b. Mechanical strength increased over time in all hydrogels, though this effect was
reduced with dilution. Basic 1:3 gels and acidic 1:1 gels exhibited the highest
strength in their groups, with engineering strengths of 38.0 £ 11.2 MPa and 53.7 +
11.4 MPa, respectively. Although their maximum strengths were not statistically
different, their behaviors significantly differed: basic gels were ductile up to 0.5
strain, while acidic gels experienced brittle fracture at 0.3 strain.

c. Basic gels made with boric acid and phosphoric acid, at the same waterglass
concentration, showed similar mechanical strength and deformation behavior,
highlighting the greater influence of pH and waterglass concentration over the type
of acid on mechanical response.

e Real-time monitoring of cross-sectional area under compression gave valuable

insights into mechanical behaviour of hydrogels.

a. Engineering stress overerestimated strength at higher strains due to cross-sectional
area reduction during deformation, with differences of +21-55% for basic gels and
+21-66% for acidic gels.

b. The first and second derivatives of stress-strain curves provided insights into
transition points of different deformation regions, correlating with real-time
deformation observations such as crack initiation and propagation.

c. Fractography at maximum strength revealed various crack types and phenomena,
including radial cracks, circumferential cracks, splitting, fragmentation, and
microcrack networks.

e A direct relationship was found between processing conditions, the resulting

molecular-and micro-structure, and mechanical behavior of the silica hydrogels.

a. Structural analysis at molecular, micro, and macro levels showed that the

arrangement of large silicate particles and flexible connections, along with large
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pores (3-5 um), resulted in ductile behavior in concentrated basic gels. In contrast,
small silicate particles and rigid connections in acidic gels resulted in brittle
behavior. Both gel types exhibited increased ductility and larger pore sizes (15-20
um) upon dilution.
6.2. Speculations on optimum sol-gel processing conditions for gel binders in bone tissue
scaffolds
Based on current findings, silica gels prepared with higher waterglass-to-water weight ratios
appear promising for practical applications. These gels exhibit gelation at more moderate pH
levels, which is advantageous for compatibility with biological environments. Additionally, their
gelation time demonstrates a shallower slope relative to pH, simplifying the control of gelation

kinetics because of decreased sensitivity to pH changes.

Furthermore, regardless of acidity or alkalinity, diluted waterglass gels (with a waterglass-to-
water ratio of 1:5) exhibit remarkably similar microstructure and ductile behavior. Despite their
lower compressive strength compared to more concentrated gels, their soft and ductile nature
enables the composite scaffold to deform plastically under stress, rather than fracturing. This
characteristic is crucial as it helps the scaffold absorb energy and maintain structural integrity.
Moreover, the reversible nature of these gels, facilitated by the formation of new hydrogen bonds
post-deformation, suggests potential self-healing properties and aids in degradation processes.
This dual functionality not only enhances the scaffold's mechanical stability but also contributes

to its longevity and biocompatibility in biological applications.

In summary, exploring the behavior of silica gels at varying waterglass-to-water ratios provided
valuable insights into optimizing composite bone scaffold binders. Future research should focus

on refining these processing conditions by characterising the composite scaffolds.

6.3. Limitations
This section discusses the limitations and potential sources of error in this research, which
stemmed from experimental constraints and methodological choices. Addressing these limitations

is crucial for refining methodologies and enhancing the applicability of the results in future work.

1. Limitations of Real-Time Raman Spectroscopy: Real-time Raman spectroscopy was

performed 2-3 minutes after mixing the waterglass with the acid solution. The instrument's
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setup did not permit mixing solutions while performing analysis, leading to missing a
critical time window for observing the transition from the initial waterglass Raman
spectrum to the final gel Raman spectrum. Additionally, the procedure for background
removal from the container and for removing acid peaks was non-standard and introduced
some uncertainty.

Lack of Standardized Methods for Mechanical Testing: The absence of a universally
accepted method for testing hydrogels poses a challenge. Some studies rely on ASTM
D69526*° which is tailored for rigid plastics and does not accurately reflect the
mechanical behavior of hydrogels. Variations in specimen aspect ratios can lead to
differences in stress distribution, with non-standard ratios potentially causing buckling or
bending under load and resulting in inaccurate measurements. Moreover, the friction
between the specimen and testing machine could also be a source of error. Despite using
silicone oil as a lubricant, barrel deformation was observed during compression.
Furthermore, hydrogel behavior, including fracture onset, crack propagation, and
mechanical damage, is strain-rate dependent. While relative assessments within this study
were possible due to similar testing conditions, comparisons with other studies, particularly

at large deformations, remain problematic.

It should be noted that while the stress-strain behavior of materials is ideally size-
independent, practical factors can introduce size-dependence, particularly in soft materials
like silica hydrogels. Geometric effects, boundary conditions, and the presence of defects
or inhomogeneities can alter how a material deforms under load, leading to variations in
mechanical performance. Additionally, the surface area-to-volume ratio can influence
behavior, as surface defects may significantly affect larger specimens. Therefore, while
strength values may vary among different gels, the deformation mechanisms likely remain
consistent. Deformation mechanisms are primarily governed by the strength of the
connections between particles, which is influenced by pH and waterglass concentration and

is expected to be independent of gel size.

Microstructural Analysis Challenges: Microstructural analysis was conducted using
scanning electron microscopy (SEM), where hydrogels were frozen and then freeze-dried.

Despite using liquid nitrogen to achieve the fastest cooling rate, the process of ice
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crystallization and its impact on the pores and gel network could not be fully controlled.
This limitation may have affected the accuracy of the observed pore structure and network

integrity.

6.4. Future work

Building upon the key findings of this study, several areas for future research are essential to

optimize the processing and fabrication of waterglass-bioactive glass composite scaffolds for bone

tissue engineering:

I.

Composite Scaffold Mechanical Properties: Future research should investigate how
various silica gel processing conditions affect the mechanical properties of the composite
scaffolds, including: evaluating mechanical strength, deformation, and failure mechanisms.
Other key variables to consider are the waterglass-to-bioactive glass ratio, aging time, the
size and size distribution of bioactive glass particles, and the force applied during molding.
Understanding these factors will be crucial for enhancing the scaffold's mechanical

behavior, as well as finding the optimum silica gel composition.

Composite Scaffold Microstructure and Porosity: A detailed analysis of the scaffold's
microstructure, including pore size and distribution, open versus closed porosity, and pore
volume is necessary to ensure that the scaffolds support optimal bone cell infiltration and
tissue regeneration. The effects of waterglass gelation conditions, the ratio of waterglass to
bioactive glass, and the molding force on the microstructural characteristics should be

thoroughly examined.

In-Vitro and In-Vivo Degradation Studies: As silica hydrogels are physical gels, they
are expected to degrade at a notable rate in simulated body fluid (SBF)/inside body. Future
studies should focus on the in-vitro and in-vivo degradation rates of both silica gels and the
composite scaffolds. This research should also include studying how degradation kinetics
affect mechanical properties and overall stability of bone tissue scaffold, while inside a
bone defect, or simulated bone defect. Moreover, cell culture studies should be performed
to investigate the viability of cells growing on, and in the environment produced by, the

gel and scaffold materials.
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Investigation of pH Effects on Surrounding Media: The impact of the pH of silica gels
on the pH of SBF or other relevant media should be carefully studied. This study should
include examining how exposure to acidic, neutral, or basic gels affects the surrounding
medium's pH. Similar tests should be conducted for composite scaffolds to understand their

influence on pH fluctuations.

6.5. Concluding remarks

This study has made four major contributions to the field:

I.

By studying and modeling the gelation kinetics of silica gels over a broad pH range (2-11),
this research provided crucial data for controlling silica gel formation in various
applications. Previous studies have been limited to much narrower pH ranges, making this

comprehensive data a big step for a better understanding of the processing of silica gels.

In-situ Raman spectroscopy for real-time analysis of the sol-gel transition of waterglass
was performed for the first time. This approach uncovered significant inconsistencies
between widely cited Raman peaks and the actual silicate species present in solutions. The
findings also challenged existing theories on silica gelation mechanisms and provided

evidence for the physical and chemical nature of the gels.

An innovative setup was developed to monitor real-time changes in cross-sectional area
under compression. This new approach offered valuable insights into compressive
mechanical behavior, including deformation and failure mechanisms, overcoming the
limitations of previous side-view observations and providing a direct view of cross-

sectional area changes along with damage mechanisms and accumulation.

The research established meaningful links between processing conditions, molecular and
microstructural features, and the optical and mechanical properties of silica gels. This
integration of data helps to fill gaps in the processing-structure-property relationships,

providing a more complete understanding of silica gel behavior.
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Appendices

Appendix A — Why pure CO; gas did not work?

Carbon dioxide gas is widely used to harden the sodium silicate-bonded sand systems in the
metal casting industry. The so called “CO:2 process” was first conceptualized in 1898 and has
gained a lot of acceptance since the 1950s. The process is based on forming a bond by setting the
waterglass through brief exposure to CO2 gas to bind sand grains together. The following chemical

equation has been suggested for representing the reaction between carbon dioxide and water glass:

Na,0.xSi0,.yH,0 + C0, — Na,C0; + x5i0,.yH,0 (1)

This equation is believed to be over-simplified 4+

. Nonetheless, it has been generally accepted
that the bonding between the sand grains in the carbon dioxide process is due to the silica gel

formation.

Based on the results of previous proof-of-concept work, it was hypothesised that the setting
time of waterglass-bioglass composites could be accelerated by using concentrated CO: gas,
instead of letting them to air-set with atmospheric COa. To put this hypothesis to test, a series of

preliminary experiments were performed, as detailed below.

First, a bicycle tire CO2 inflator was used to measure the effect of introducing CO2 on lowering
pH in aqueous environments. The tip of the inflator was inserted into glass vials containing water
and waterglass solutions mixed with a pH indicator solution, and gas was introduced until no
further change in the color of the solution was observed. The results are shown in Figure A.1,
where the pH of the solutions can be compared before and after the introduction of CO2 gas. As
seen, the pH was lowered in both the water and waterglass solutions due to the formation of

carbonic acid. However, the lowest pH achieved in waterglass was approximately pH = 10.
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Figure A.1 Water and waterglass solutions before and after CO, gassing using a bicycle CO; inflator. Each solution
contains pH indicator, with the color change representing the decrease in pH due to the introduction of CO,.

Next, a Soda Stream machine (SodaStream, London, U.K.) was used to apply concentrated CO2
gas to a mixture of waterglass and 4555 bioactive glass paste. With its higher pressure, the soda
stream machine reduced the pH of the water to approximately 4 (see Figure A.2a), which is lower
compared to the tire inflator. However, with waterglass, the pH remained around 10. This lack of
significant change compared to the COz tire inflator could be due to carbonic acid being a weak
acid and the buffering ability of waterglass. Although the formation of silica gel after about 15
minutes was confirmed using the tube inversion method (Figure A.2b), the gel was only formed
on the surface and not throughout the entire bulk, stopping the flow of the entire solution. This

skin-effect was evident when stirring the solution with a glass rod; it reverted to a solution state.

After mixing bioactive glass and waterglass (according to the optimal ratios in Guzzo’s work
23), the paste was inserted into an open-ended cylindrical mold. The CO2 gas was guided to the
surface of the paste using a plastic tube and a nozzle with a pressure gauge (see Figure A.2c). The
pressure was fluctuating between 2-20 psi and in some cases the concentrated pressure was so high
that it destroyed the entire specimen (see Figure A.2d). To solve this problem, a long plastic
cylindrical tube with the same width as the mold was used on top of the mold to increase the

distance from the tip of the nozzle. However, the problem of having no control over the pressure
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and flow persisted, and in some cases, the specimens were pierced due to the high pressure (see

Figure A.2e).

water control water+CO,gas waterglass+CO, gas

e

Figure A.2 (a) Water solutions containing pH indicator before and after CO; gassing using a Soda Stream machine.
(b) Waterglass containing pH indicator after CO, gassing using a Soda Stream machine, with a layer of gel formed
after gassing. (c) The procedure of CO, gassing of waterglass-bioactive glass paste inside an open cylindrical mold
using a Soda Stream machine. (d) Damage to the waterglass-bioactive glass paste due to high concentrated pressure.
(e) Using a long plastic cylinder to increase the distance of the nozzle. However, some specimens were still damaged
by the concentrated pressure, as shown in the top right.

For better control over the gas pressure and flow, a CO2 gas setup was used, consisting of a
medical-grade COz gas cylinder (Praxair, Danbury, CT, U.S.A), a pressure regulator (Harris
Products Group, Mason, OH, U.S.A), LLDPE tubing (0.25" by 0.17", max 140 psi at 70°F), a
flowmeter (Cole-Parmer, Vernon Hills, IL, U.S.A), and a nozzle (50a). Waterglass was poured
into silicone rubber moulds measuring 0.4x0.4x1.0 cm. To initiate gelation, a gas stream was
introduced by positioning the nozzle as close as possible to the surface of the solution and moving
it side to side to ensure even coverage. The gas flow rate was maintained below 5 L/min to prevent
splashing. A thin gel film was observed forming on the surface, which could be easily removed
with tweezers (see (50b). Despite five minutes of gassing, only this thin film of gel was observed,

with no gelation occurring in the bulk of the solution. This behavior can be attributed to mass
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transport limitations, where the rate of gelation at the surface outpaces the diffusion of reactants
(CO2 gas) into the bulk solution, thereby inhibiting the formation of a gel network throughout the

entire volume.

4
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ai, o '
5
gl
cos 1. Medical-grade CO, gas cylinder
2. Pressure reducing regulator and gauges
1 3. Copper tubing
4. Flowmeter
5. Flexible tubing
6. Nozzle

Figure A.3 Illustration detailing the components used to assemble a medical-grade concentrated CO, gas system (b)
Image showing a negative silicone mold filled with waterglass, highlighting the formation of a thin silica gel film
after exposure to medical-grade CO,.

At this point, it was hypothesized that since the bioactive glass particles would be coated with
thin layers of waterglass binder after mixing, forming a thin layer of gel might be sufficient to set
the entire composite. Therefore, the mixture of bioactive glass and waterglass was poured into
cylindrical molds and gassed using the COz setup. The gassed composites were then tested in
compression immediately after gassing from both sides using a PASCO materials testing tabletop

machine equipped with a 7100 N load cell (PASCO Scientific Inc., Roseville, CA, U.S.A).

The strength of the composite compact is influenced by factors such as the SiO: ratio of the

1 446

sodium silicate, gassing time, flow rate, and the water content of the silica gel ***. We explored

various gassing times (30-360 seconds) and flow rates (5, 7, and 10 L/min) at a constant pressure
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of 5 psi. Although the final composites retained their shape and integrity after gassing (see Figure
A.4a), the mechanical testing results were generally inconsistent, and no meaningful correlation
was found between compressive strength and the gassing variables. An example of the
compressive stress-strain curves for air-set and COz-set composites is shown in Figure A.4b.
Generally, the lower strength of CO2-set composites contrasted to the air-set ones was expected,

as the air-set composites had completely dried over a 10-day period, whereas the CO2-set

composites remained in a wet state.
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Figure A.4 The image on the left shows the composite holding its shape after waterglass gelation. The two images on
the right demonstrate how the composite deforms under compressive load (b) These curves compare the mechanical
properties of air-set and CO2-set waterglass-bioactive glass composites.

Despite successfully setting the composite within minutes, several major drawbacks were

encountered with this method, which are detailed below:

1. Mass transport limitations: The setting reaction is mass-transport limited, meaning that
it is limited by diffusion of CO2 gas into waterglass. As gasification progresses, the surface
viscosity increases to a point where it hinders further reaction, often leaving the reaction

incomplete.
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2. Ambiguities in Reaction Kinetics and Setting Point: Monitoring or controlling the
setting point or the degree of gelation within the bulk is challenging. Chemical analysis
techniques like SEM/EDX, XRD, Raman, and FTIR spectroscopy are not very useful due
to the common elements and chemical bonds between sodium-silicate gel and bioactive
glass, as well as their amorphous nature. Physical analysis methods such as Micro-CT or
light microscopy are also limited due to the similar densities and the transparent nature of
the components.

3. Risk of under-gassing/over-gassing: Finding the optimal gassing conditions for ideal
gelation kinetics is crucial. Insufficient gassing can result in incomplete reaction, while
excessive gassing—known as "over-gassing"—can significantly reduce binder strength.
Over-gassing occurs due to gel dehydration, accelerated evaporation, hydration of sodium
carbonate crystals, or formation of sodium bicarbonate **>. Since the reaction kinetics
cannot be easily monitored, both of these cases are likely to happen.

4. Limited pH Range: The pH of waterglass is a key factor in controlling gelation kinetics
and final gel properties. Ideally, a wide pH range should be explored to find the best
processing conditions for our application and target gelation time. However, the carbonic
acid introduced from COz2 gas is a weak acid and, combined with the buffering ability of
the waterglass solution, cannot lower the pH below ~10. This limitation is problematic
because the minimum gelation time in silica-water systems typically occurs around neutral
pH, which is also ideal for biological applications to reduce tissue damage.

5. Lack of Repeatability: No meaningful correlation was found between gassing variables
(such as time and flow rate) and the final compressive strength. Other factors, including
the sample's height, the binder-to-bioactive glass ratio, the type of nozzle, and binder
viscosity, also influence the results. With so many variables and no control or clear
understanding of the gelation progression, achieving consistent results became nearly
impossible.

Therefore, due to these limitations, it was decided to use acid solutions instead of CO2 gas to

induce gelation in waterglass.

236



Appendix B - Raman parameters—decisions made and why

Preliminary experiments were conducted to optimize parameters such as laser wavelength, laser
power, exposure time, and the number of accumulations. Adjusting these parameters is crucial, as

they influence the intensity of Raman scattering and, consequently, the overall spectral quality.

The first thing to find out was the laser wavelength. The Renishaw inVia Qontor confocal
Raman microscope is equipped with 3 lasers of 532 nm (50 mW), 633 nm (17 mW) and 785 nm
(300 mW). Figure 52 shows the Raman spectra of waterglass obtained by each laser. As can be
seen, the spectrum obtained by 532 nm is the most intense with the least noise, and therefore, 532

nm laser was chosen for this study.
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Figure B.1 Raman spectrum of waterglass at different laser wavelength (nm).

The choice of a 532 nm laser over 632 nm and 785 nm lasers for analyzing silicate solutions

can be influenced by several factors:

1. Fluorescence: Fluorescence can interfere with Raman measurements by introducing
background noise. Generally, longer wavelength lasers (such as 785 nm) tend to produce

less fluorescence compared to shorter wavelengths (such as 532 nm).

2. Intensity and Signal Strength: The 532 nm laser generally produces a stronger Raman

signal compared to longer wavelengths like 632 nm and 785 nm. This feature is due to the
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A—4 dependence of Raman scattering intensity, where A is the wavelength. Shorter
wavelengths yield more intense Raman scattering*’, which can be advantageous for

detecting weaker signals from silicates.

3. Resolution and Sensitivity: The 532 nm laser can provide better spatial resolution and
sensitivity in Raman spectroscopy, which is important for capturing detailed information

about the silicate structures.

Therefore, while the 785 nm laser might produce less fluorescence, the 532 nm laser was chosen
as it offered a stronger Raman signal and better sensitivity, making it more suitable for analyzing

silicate solutions in this context.

Next was optimizing the laser power. It should be noted that laser power refers to the power at
the sample surface, not just the laser beam. The laser power with Renishaw Raman could be
adjusted to 5%, 10%, 50% and 100%. The strength of the Raman signal is directly proportional to
the power of the Raman laser exciting the sample, so the best practice is to use full laser power
whenever possible. However, full laser power can cause some samples to burn or, in our case,
make waterglass to lose some water, and/or affect gelation kinetics due to the rise in temperature.
A laser power of 50% was found to be the minimum required to obtain clear spectra with sufficient

intensity and resolution (Figure 53).
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Figure B.2 Raman spectrum of waterglass at different laser powers (%).
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Next, the variables considered were the exposure time (tc) and the number of accumulations
(N). Exposure time refers to the duration of each scan, while scan accumulation represents the
number of scans performed repeatedly on the same spot. This set of variables is analogous to a
photographic camera: a longer exposure time captures more detail in low light, yielding a clearer
picture. Similarly, in Raman spectroscopy, a longer exposure time or more scan accumulations
enhances the signal-to-noise ratio through averaging out the signal. Raman signals are measured
in counts per second (cps). While increasing the exposure time or averaging more spectra does not
increase the signal, it significantly reduces the noise, leading to a clearer spectrum. As shown in
B.3, an exposure time of 1 second provided an acceptable signal-to-noise ratio. When combined
with 60 accumulations, the signal-to-noise ratio was further improved, making the combination of

these settings suitable for this study (Figure B.4).
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Figure B.3 Raman spectrum of waterglass with different exposure times. The number of accumulations was 60 for
all spectra.
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Figure B.4 Raman spectrum of waterglass with different number of accumulations (N). the exposure time was 1
second for all spectra.

A polystyrene multi-well plate was used as a container for performing Raman spectroscopy on
silicate solutions. However, because polystyrene is Raman-active and produces peaks in the region
of interest (see Figure B.5a), it was essential to eliminate any interference from the polymer. To
address this issue, a Raman-inactive metallic screw (see Figure B.5b) was placed upright into each
well, and the objective lens was precisely focused on the screw tip's surface. The well was then
filled with the solution up to the tip of the screw, creating a very thin layer of solution covering
the tip. This procedure ensured that the objective was kept focused on the solution surface. The
spectrum was then acquired and compared with the polystyrene spectrum to ensure no peaks had
originated from the container. Figure B.5c shows the difference in waterglass spectrum before and
after putting the screw in the polystyrene plate containing the waterglass. The sharp peak at ~1000

cm! is form polystyrene, which was absent after putting the Raman-inactive screw in the well.
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Figure B.5 (a) Raman spectrum of polystyrene (PS) container, showing strong peaks in the region of study (b) Raman
spectrum of metallic screw, showing no peaks in the region of study (c) Raman spectra of waterglass, before and after
putting a Raman-inactive screw inside the polystyrene container. The triangular marker and dashed line indicate the
location of the PS Raman peak, which was absent when the metallic screw base was used to contain the liquid
specimen being analysed.
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