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111

Abstract

With the long-term objective of using polymer gels for the capture of solid, liquid
and gaseous waste generated from decommissioning works, characterization of gel
properties as well as the properties of the individual constituents of polymer gels has been
completed. Characteristics of constituents were investigated over varied concentrations and
environments. Preliminary thermal degradation characterization found no adverse hysteresis
behaviour regarding the polymer constituent. Constituent chemistry as well as chemistry that
enables crosslinking between constituents was examined, and the theory that most accurately
describes the crosslinking of constituents was established. Understanding of chemistry and
characterization results were employed to successfully manufacture varied gels, with varied
applications. Variation of gels were achieved via adjustments, primarily to polymer

concentrations.
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Introduction

1 Introduction

The term “decommissioning” when applied to a nuclear power plant, refers to the
management and technical actions associated with the termination of operations and withdrawal
from service. Prior to the shutdown of a facility, the decommissioning process includes planning and

execution of three major phases of activity:
1) Storage, and surveillance, including complete site characterization.
i) Dismantlement and facility demolition.
iii) Site restoration, which may include a return to green site.

Decommissioning is not just demolition, but rather the systematic deconstruction of contaminated
and complex nuclear facilities which includes very large components [1]. Decommissioning actions
include all activities associated with the dismantling, decontamination and disposal of a facility and
its associated structures, systems, components and equipment (including and not limited to the
reactor vessel, steam generators, pumps, tanks, and support systems made up of metres of multiple
tube networks [2]) and all associated waste products, as well as the remediation of contaminated

grounds [1].

In addition to pre-existing waste products, of both traditional and radioactive types,
generated during the life cycle of the nuclear facility, all forms of decontamination, dismantlement,
and volume reduction processes also generate additional streams of radioactive waste, which must
also be addressed via capturing for further processing and disposal. These wastes exist in various

physical states, including:
e Solids, including surface level types, which can be addressed via surface decontamination.

e Liquids, such as trittum oxide generated in heavy water when being used as a moderator or

coolant during the lifetime of the plant.

e (Gases, such as those generated from various dismantling cutting techniques as well as from

volume reduction incineration or smelting techniques.
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Gels are a method for capturing these wastes. Gels have been used by the nuclear industry
for many years, for example: waste capture via the use of gel based strippable coatings for surface
decontamination [3]. These polymer gels are formed via polymer chains undergoing a process called
crosslinking, wherein, polymer chains become bound to one another, either permanently in the form
of chemical bonds or physically, in the form of hydrogen bonds. Surface decontamination gels target
solid type wastes on the surface or the immediate sub layers of the contaminated material [4].
Another type of surface decontamination gel technique is a foam that is sprayed onto surfaces. As
with the strippable coating method, the decontamination foam acts as a carrier for chemical
decontamination agents that dissolve surface level contaminants [4]. Foam type PVA-Borax gels can
be used to capture liquid type wastes temporarily. The liquid waste is captured inside the foam where
it is maintained by a balance between the capillary effects drawing the liquid into the foam and the
gravity effects attempting to drain the liquid out of the form. Specifically, the capillary rise of fluids
into PVA-Borax foams occur at a rate that is significantly greater than the ability of fluids to drain
out of the foam [5]. Therefore, the foam is temporarily able to retain wastes. In current experience,
the foam remains stable only for a couple of weeks, to at most, over a month [5]. As such, foams

only have limited applications pertaining to interim capture and storage of liquid wastes.

Outside of waste capture, applications of gels within the nuclear industry exist in the form of
Fricke and other types of dosimeters [6, 7]. With regards to Fricke dosimeter type gels, the gel itself
acts as a carrier for ferrous sulphate [4], wherein Fe** transforms into Fe’* due to radiation induced
oxidation [6]. Fricke chemicals are often combined with constituents such as acrylic monomers [0]
and glutaraldehyde [7] that polymerize rapidly due to radiation sensitivity to create three dimensional
dosimeters, which are not just useful within the nuclear and radiotherapy industries but has

applications such as sun burn detection due to UVA sensitivity [0, 7].

Besides the nuclear industry, gels have various multi-disciplinary applications. Gels are used
in the medical industry for purposes of drug delivery, either trans dermally in the form of skin
patches or orally in the form of hydrogel pills. The drug release rate of hydrogel pills can be
controlled by the molecular interaction between the polymer gel and the drug. Other applications
within the field of medicine include using gels for the purpose of lubrication, for example for
contact lenses, catheters, and medical guidewires [8]. An additional application of PVA gels within
the field of medicine arises due to the ability to manufacture PVA in such a way that it has

anisotropic mechanical properties, similar to tissue, hence PVA hydrogels can be used to
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manufacture replacement aorta and cardiovascular tissue [9]. Within the field of electricity and
energy storage, PVA-Borax gel due to its electrolytic characteristics, and its ability to be a carrier for
anions (such as F~,CI, and SiO3*) and cations (such as Na*, Mg?*, and K*), is used to
manufacture gel electrolytes for supercapacitors [10]. Specific to the shipping industry, PVA-
Polyacrylamide gel coatings are applied to the hulls of boats to prevent marine fouling caused by
algae and barnacles, which would result in corrosion due to microbiological attack of the hull and in

slowing down of vessels due to biological material buildup [8].

Finally hydrogels such as those of the PVA-Borax type are used for purposes of cleaning
artwork because of the gel’s ability to remove surface buildup without affecting the original artwork
[11]. Furthermore, the hydrogels act as carrier fluids for solvents that are used to remove aged
varnish and coatings previously applied during the art restoration process. Traditionally these
solvents are applied freely using cotton swabs or small brushes, however, this does not allow for
control of capillary flow of the solvent through the surface of the artwork., resulting in the
accidental removal of original art material. Using hydrogels as the carrier fluid allows for controlled
application of the solvent onto art surfaces, preventing unintended applications onto the original

artwork [12].

Applications of gels is not new to the nuclear decommissioning industry, however, the
concept of permanently capturing radioactive waste liquids and gases using gels is novel. Gels offer
the advantages associated with wet filtration systems such as minimizing clogging, while at the same
time eliminating disadvantages of wet filtration systems. Particularly, the mobile state of liquid waste
post capture, when captured using gels is in a semi solid state that has a viscosity dependent rigidity.
Additional advantages exist in the form of minimal infrastructure required for volume reduction
post capture of waste, as well as a simplified that converts the gel into a more rigid state for in-situ
storage and disposal. The almost negligent additional waste stream produced during this conversion

process is yet another advantage.
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To permanently capture wastes using gels, issues pertaining to the repetitive homogenous

manufacturing of gels need to be addressed. These include:

e Being able to repetitively manufacture homogeneous gels [13]; incorrect constituent
concentrations as well as an inadequate understanding of how gel constituents chemically
interact with one another can lead to an inhomogeneous demixed gel state; wherein, a
portion of the gel content is a solid gel like substance and the remainder of the content is a
liquid like substance [14].

¢ Depending on the methodology used to manufacture gels, disintegration has been shown to

occur over large time scales (weeks to months) [5].

e Disintegration of gels due to environmental factors such as high temperatures [15, 16] or

extreme alkaline or acidic environments [15, 17].

e Disintegration due to excess concentration of certain constituents [18].

To address these issues an understanding of the chemical interaction between gel constituents as

well as characterization of gels and gel constituents is required.

1.1 Problem Statement

Currently there exists no chemical or physical methods by which polymer gels can be used to
permanently capture liquid wastes once the gel has been crosslinked. Furthermore, pertaining to
gaseous wastes, although polymer gels may be used to capture gaseous wastes, this can only be

achieved by gels of very specific rheological characteristics.

It must also be noted that the applications of gels for solid, liquid, and gas waste capture vary
as a function of gel characteristics. Gels cannot be employed to capture these various forms of
wastes unless the application specific characteristics are determined first, and methods to generate
gels repeatedly with application optimal characteristics are developed. Inadequate understanding of
chemistry-based constituent interactions leads to further issues such as unintended viscosity or
alternatively demixed gels, wherein a portion of the overall substance is a more solid like gel

substance and the remainder of the substance is a water like liquid substance.
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1.2 Objective

A novel method of capturing wastes of liquid and gaseous nature is by first entrapping these
wastes using the individual constituents of PVA borax-fructose gel and then crosslinking the
constituents into a gel state to ensure the wastes remain zz-sizu. This work is focused on
characterizing PVA borax-fructose gels and their individual constituents, such that the feasibility for
capture of liquid and gaseous wastes, using gels, can then be evaluated. To that end, the results of
characterization allows for the constituent or even certain forms of gels, with optimal characteristic
and concentration to be selected for the capture of liquid and gaseous wastes. The understanding of
characterization results is also important for processing after capturing waste, such as the conversion
of constituents into gel, and the conversion of gels from a lower to a higher viscosity to ensure waste

remains captured.

Characterization includes the understanding of the constituent chemistry, as well as the
chemistry of interaction between the three constituents that results in gelation, which is required to
be able to successfully manufacture gels using the gel constituents or alternatively for purposes of
successfully modifying the characteristics of gels; for example, for purposes obtaining optimal
characteristics suitable for disposal while ensuring wastes remain permanently zz-sit# within gels. It
must be noted that the objective of this thesis will solely focus on the characterization of gel as a
medium to capture waste products. Specific to this thesis, the definition of characterization does not
in any manner extend to characterization of the waste products that are being captured. The

objective of this thesis will be achieved via the two sub-objectives outlined:

1) Investigation of the role of individual constituents of the gel, including the chemistry that allows
for gelation to occur and factors that effect this chemistry.

2) Investigate the change in gel properties as a function of varied constituent concentrations.
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1.2.1  Application of Objectives to Problem Statement

The first and second sub-objectives address the understanding of constituents such that the
optimal substances can be selected and manufactured for the various applications of radioactive
waste capture, as well as post capture processing. Furthermore, the second sub-objective also
addresses ability to successfully manufacture gels or modify the characteristics of already

manufactured gels.

1.3 'Thesis Structure

Chapter 2 provides some background on sources of radioactive wastes, generated from
decommissioning processes, and why wastes must be adequately addressed. Chapter 2 also provides
a literature review of various forms gels that currently exist, including their capabilities and
weaknesses. Chapter 3 provides the methodology for achieving the objectives of this work. This
includes the methods for manufacturing of gels, the experiments formed to characterize the gels,
and the equipment use to conduct the experiments. Chapter 4 provides quantitative results of
experiments as well as any qualitative observations made during experiments. Chapter 5 discusses
the results as well as the relationship of results to characterization and the overall objective of this
work. Chapter 6 summarizes the work and suggests future work required to attain the overall

objective pertaining to PVA-borax-fructose gels and capture of waste products.
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2 Literature Review

The following literature review discusses sources of secondary and additional waste streams
which are inevitably generated during decommissioning activities, especially during dismantling,
volume reduction, and decontamination. Also discussed is why specific attention must be paid to
these additional waste streams. Traditional methods of capturing these waste streams is discussed.
Lastly, gels are introduced and defined. Various types of gels are discussed, including their various
applications and issues. Alternative methods of capturing wastes using gels, including characteristics

of types of gels that are desired for purposes of waste capture are discussed.

2.1 Dismantlement and Decontamination

2.1.1 Dismantlement

After the removal of fuel and dewatering of nuclear power plants, dismantlement,
decontamination, and further volume reduction of infrastructure must occur so that the site can be
returned to an unconditional release state [19]. These processes account for a large portion of
decommissioning related radioactive contamination [2] and generate significant volumes of scrap
and waste. The scrap and waste are a combination of radioactive and non-radioactive materials,
comprised mostly of concrete and steel [20]. For example, 13,000 tonnes of scrap metal was

dismantled from the Stade nuclear power plant in Germany, by 2014, 30% of which was melted [21].

Scrap metals and concrete have an inherent value, and when reused or recycled, reduces the
environmental impact associated with the production of new resources. Furthermore, there are costs
associated with the disposal of scrap materials [20]. These reasons have led nuclear sectors of certain
countries like Japan [22] to develop methodologies that meet radioactive clearance levels or for the
reclassification of materials such as stainless and carbon steel, which can be recycled or reused both

inside and outside the industry [20]. Such methodologies include volume reduction processes.

Volume reduction and decontamination processes can reduce overall costs, simplify logistics

and handling, and minimize space required for disposal and burial [23, 24]. CSA N292.6-18, section

7
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5.3.1 [23] states that as part of the long term storage or disposal process, volume reduction processes
including, dismantling, compaction, and incineration shall be considered|23]. Most nuclear facilities
including the Pickering NPP already have dedicated methods of waste volume reduction, which
includes buildings that are specifically dedicated and equipped for the purpose of addressing waste
that is generated during regular operations. During the decommissioning stage, any waste volume
reduction infrastructure may remain commissioned, to assist with the reduction of wastes generated

during the decontamination and decommissioning process [23].

Dismantlement and volume reduction can be achieved via a variety of techniques including
cutting [2], smelting, compaction, shredding, incineration and vitrification [20]. The employment of
these various forms of dismantlement and volume reduction techniques results in the generation of
secondary wastes [25]. Secondary waste streams generated include, sedimented dross, (dross is the
by-product of laser cutting, generated when high temperature metal comes into contact with air
resulting in oxidized impurities), wall deposits, aerosols [26], off-gases and contaminated slag (via

volume reduction methods such as smelting) [25].

These secondary waste streams, especially the ones in the form of liquids or gases, are most
problematic since they are harder to capture and do not remain in-situ due to their mobile nature
[27, 28]. Decommissioning processes that result in vaporization leads to the production of aerosols
of varied sizes [29]. Due to the relatively small particulate sizes, aerosols are of concern, especially
given the potential of the particulates to be inhaled by humans and other organisms. Inhalation may
result in adverse health effects due to the size of the particulates as well as the potential of these
particulates to be radioactive [29, 30]. It’s not just the physical state of these secondary wastes that
are of concern, the radionuclide species within these wastes such as H’, C'*, [31] CI*%, T¢” and I'”

[32] are also concerning due to their chemical nature of being highly mobile while also having long

half-lives [32].

Furthermore, traditional methods of capturing these wastes by filtration can lead to
bypassing, clogging, filter rupture, [33] and the generation of additional waste streams [34].
Additionally, once wastes are captured within traditional solid or liquid mediums, they can become
mobile again if not promptly taken care of. Using gels rather than traditional methods may allow for
the minimization of additional waste streams while ensuring these problematic waste forms remains

in-sitn once captured.
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2.1.2 Decontamination and the Unconditional Clearance Level

The purpose of decontamination is to allow for the diversion of radioactive material from
the radioactive waste management pathway such that these materials can be recycled or traditionally
disposed rather than being disposed of using special handling techniques reserved for radioactive
wastes. This is achieved via conditional or unconditional clearance [35]. The unconditional clearance
level for Canada, as defined by the Nuclear Substances and Radiation Devices Regulations
SOR/2000-207 [36], ate detailed in the Appendix, under section 11.1.1.

Decontamination (including unconditional clearance or reclassification) can be achieved by a
variety of techniques, including chemical based such as acids, bases and organic solvents,[28]
mechanical such as scrubbing [28], and thermal such as laser or plasma scabbling [37]. As with
dismantling and volume reduction techniques, all forms of decontamination techniques produce
secondary waste streams |2, 26]. Chemical based techniques such as using acids, or organic solvents,
directly translate into liquid type, radioactive waste streams. Secondary waste streams in the form of
liquids may require additional volume reduction via methods such as dewatering [28] and
evaporation [38]. Volume reduction of liquid waste streams in turn produce additional tertiary waste

streams, typically in the form of highly mobile [27, 28] gases and aerosols.

To minimize risk to the environment and the public, all forms of additional waste streams
must be captured and disposed of adequately. These waste streams are typically in the form of
liquids, gases, or aerosols, which contain radioactive contaminants including volatile cesium, iodine,
and tritium [25]. Cesium, trittum, and iodine are of special concern because of their volatility and
biocompatibility, which can result in these radionuclides being transferred to plants via root uptake,
or gas exchange [39]. Tritium for example, can be transferred directly to plants and animals and can
become organically bound, which when consumed by humans can result in higher dose coefficients

[39].
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2.2 Gaseous and Aerosol Waste

Waste in gaseous or aerosol form is, by nature in its most mobile form[40]; gaseous waste is
by definition waste in its gaseous physical state of matter, whereas aerosol waste is defined as fine
particulate solid or liquid waste suspended in air [41]. The storage and disposal of waste in its aerosol
state is both economically unviable [40] and due to its volatility, unsafe. Hence, gaseous or aerosol
type wastes must be captured and processed at the source of emission prior to venting to

atmosphere.

Venting of radioactive emissions and waste to atmosphere is subject to permissible release
limits, established in licences provided by the CNSC [39, 42]. Regdoc-2.9.1 [42] specifies how these
limits are calculated, from which Equation 1 has been taken. Equation 1 calculates the derived

release limit (DRL), for any source, radionuclide and representative person [39]:

annual dose limit Equation 1
Xo
b o

DRL =

. o . ) Xo . )
wherein, annual dose limit has units of: Sv * a, and oy known as the dose per unit release has units
0

. X . . .
of: Sv*a' * Bq' * s. Calculation of X—9 (where X is the source and Xg is the human dose) is
0

dependent on various variables including concentration, pathway and transfer parameter (such as via
surface soil, atmosphere, well water, etc.). Various pathways, transfer parameters as well as the
methodology to calculate dose per unit release based on these variables, are detailed in the “CSA —
Guidelines for calculating derived release limits” [39] standard. Based on Equation 1, and assuming
a uniform source emission rate and long term average atmospheric conditions derived release limits

of radionuclides for nuclear facilities can be calculated [39].

Due to local atmospheric conditions [39], DRLs’ are site specific. For example, OPG’s
Pickering Nuclear Generating Station has an airborne iodine-131 DRL of 2.82 * 10'* [43]. In
comparison OPG’s nuclear waste management operations located in Bruce County has an airborne

iodine-131 DRL of 1.90 * 10" [44]. It must be noted that the OPG environmental data reports

10
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specifically identifies DRLs’ of radionuclides such as tritium, carbon-14, and iodine-131, because of

the mobile nature of these radionuclides [39, 43, 44].

The purpose of a DRL is to restrict the maximum quantity of nuclear substances being
emitted, and are regulatory requirements once written in the license of nuclear facilities [45]. These
release permits often also restrict the discharge of conventionally hazardous substances [45]. The
required compliance by the CNSC of DRLs’ is to prevent negative human, biological and
environmental effects via minimizing risk as a function of release [46]. Radiological emissions must

be maintained below the DRLs’ to meet the terms of operating licences provided by the CNSC [44].

Understanding DRLs’ and the mobile nature of certain forms of radionuclides provide the
background of why nuclear facilities employ various methods to capture and dispose of radionuclide
waste. Methods of capture include traditional wet and dry filtration techniques or potentially novel
methods such as gels, as discussed in sections 2.3 and 2.4. Furthermore, to maintain releases below
DRL thresholds, it is important for nuclear facilities to ensure radionuclides of mobile nature remain
in-situ once captured and in storage. One potential method of ensuring radionuclides remain in-situ

once captured is by using gels.

2.3  Methods of Filtration and Capture

Wastes of gaseous or aerosol types are considered to be wastes in its most mobile and
difficult to store form [40]; hence it is typically processed as it is generated, at the source. Gaseous
and/or aerosol processing systems must also be designed in such a way that generation of additional
waste streams are minimized. Typical processing systems are comprised of various types of air
purifying components that are sized specific to the range of particle diameters of concern [40].
Filtration systems are important, not just for the capture of acrosolized radionuclide wastes but also
traditional wastes that can potentially become aerosolized such as polychlorinated biphenyls (PCBs),

and asbestos [47].

With regards to typical dry filtration techniques, patticles in the 10° um — 0.8 pm range are
traditionally filtered via electric precipitation filtration, 0.8 um — 10 pm via air filtration, and 10 um —

50 um particulates, via dust arrester type filtration. Centrifugal type filtration is typically employed
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for particles larger than 50 um. Filtration systems capable of filtering particulates of varied sizes are
necessary to ensure regulatory release criteria are met [48]. The final stage of most traditional
methods of aerosol filtration systems consist of HEPA filters [48]. HEPA filters are capable of
filtering particulates = 1 um [48]. Alternatively, in the case of certain gaseous and aerosol wastes
such as C-14 oxides, iodine and radioactive noble gases, wet filtration, in the form of scrubbers and

absorbers that contain acids, hydroxides or other aqueous solutions, are used for filtration [40].

2.4 Gel Based Capture Alternative

The International Union of Pure and Applied Chemistry IUPAC) defines substances of the
gel state as a “non-fluid colloidal network or polymer network that is expanded throughout its whole
volume by a fluid” [49]. In other words, gels are defined as a two phase system, [50] consisting of a
liquid phase encapsulated within a solid network where both phases are continuous [51]. A
description of the continuity of both phases has been described by Brinker and Scherer [51] as “a
phase traversable from one side of its sample to the other without entrance into the other phase”
[51]. The physical characteristics of substances of this nature can be best described qualitatively as
behaving like a liquid in the sense that they take the shape of their container, but at the same time
having semi solid characteristics because of its non free flowing behaviour, with a viscosity
dependent rigidity. A distinguishable characteristic of gel is the resistance to shear stress and elastic
deformation while at the same time having an elastic response [52]. In terms of qualitatively
determining gelation, one method is to observe the meniscus of a sample while the sample container

is tilted and the meniscus is non horizontal, indicative of gelation [53].

Definitions that are used to describe the various states of transitions from individual
constituents to a homogeneous gel state are important to understand. With regards to the definitions
“sol” and “solution”, it must be noted that these terms are not interchangeable. The term “solution”
refers to a phase of solvent and solute that is uniform throughout and homogeneous [52]. The term
“sol” is, “a fluid colloidal system of two or more components”, where a colloid consists of
“molecule or polymolecule type particulates with a dimension between 1 nm to 1 pm in at least one

direction that is dispersed within a medium” [52]. For purposes of this thesis, a “sol” will refer to a
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state wherein two phases exist: a colloidal phase of dispersed fine particles, suspended within a

continuous liquid medium phase.

As defined by IUPAC, the “sol-gel process” (also referred to as “gelation”), describes the
process by which a network formation is induced through a progressive transformation from
solution to sol and finally gel. The gel point is defined as the initial point at which the number
concentration of cross links is adequate for network formation throughout the sample, i.e, a
continuous solid and liquid phase exist. This means, a critical concentration of constituents is
required to first reach the gel point [54, 55]. After the gel point has been reached, the time scale for
sol to gel transition is dependent on the concentration of constituents, with less time required for
higher concentrations [53]. The “sol-gel transition” on the other hand, describes the sudden
divergence of rheological properties that occurs when the gel point is achieved [52]. Figure 1
provides an illustration of the viscosities of the constituents as well as the dramatic increase in

viscosity during the sol-gel process that leads to gelation.
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Figure 1: Ilustration depicting the viscosities of the constituents relative to one another, as well as the dramatic increase in viscosity during the sol-gel process that leads to gelation
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Observable changes to rheology that occur at the sol-gel transition include changes to
surface tension [56], storage modulus (G"), loss modulus (G""), damping coefficient, and viscosity.
When observing G' and G'' as a function of time, at the point of gelation a dramatic increase in G’
and G'' occurs, which is indicative of the sol-gel transition. Equation 2 expresses the storage and loss

modulus in one term as a function of damping coefficient (or loss tangent) [53]:

!

tand = —;
and = =

Equation 2

The behaviour expressed by Equation 2 translates into a maximum that is reached at the sol-gel
transition [53]. A more accurate method of determining the point of gelation is when the
experimentally determined values of G' and G"' reach a point of equal value [53] and then cross over,

[57] resulting in G’ having a higher value relative to G'' [58].

From the point of G’ and G"'crossover onwards, tand, when observed as a function of
changing rheometer frequency over a period of time, becomes independent [59] At crossover

onwards, tand as a function of frequency is expressed in Equation 3 [57]:

!

G nm Equation 3
tand = vzl tan (7)

This frequency independent sol-gel transition in dynamic behaviour is another accurate method of
determining the gel point. Alternatively, the sol-gel transition can also be determined by Searle type
concentric cylinder viscometers. In this case, the sol-gel transition characteristic that can be
measured is viscosity [53, 60]. Specifically, the arresting of G', G'" and tand characteristics are
eventually reflected by viscosity. Due to the above reasons, understanding the viscosity and viscosity
variation of gel constituents and the gel as a function of environmental changes are important

characterizations, such that:

) in the event of unintended environmental changes, the characteristics of the constituents
ot the gel are already understood.

1i) depending on the application of the constituent / gel, the optimal characteristics can be
achieved either by constituent concentration adjustments or through temporary

modifications to the environment.
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Types of gels, depending on the primary constituents used for its formation, can be divided
into polysaccharide and non-polysaccharide-based gels. Gels formed from polysaccharides include
those that are of the Galactomannan type, which are plant based polysaccharides consisting of at
least D-mannose and D-galactose units [61]. Some examples of galactomannan type gels include

those made from: xanthan gum [62], fenugreek gum, sesbania gum, cassia gum and guar gum [63].

Polysaccharide based gels have various applications within the cosmetics, oil recovery, [64]
food, pharmaceutical and manufacturing industries, particularly for purposes of rheology
modification, thickening and suspending agents [63]. A specific example of the use of polysaccharide
gel within the field of biomedicine is for the purpose of acting as a carrier agent that delivers cells
and bioactive molecules [65] for cartilage or heart valve tissue bioengineering [66]. Outside of
biomedicine, an example of galactomannan gel application is within the oil and gas industry.
Specifically, for the stimulation or improvement of hydrocarbon extraction from underground
formations. In such cases, guar [67] or xanthan gum [64] gels act as a proppant that prevents

fractures from closing, such that pathways remain open [67].

It must be noted however that polysaccharide-based gels, due to the nature of the plant
derived primary constituent, is prone to biological degradation, particularly via fungal decay [68].
This can be seen in the figures within section 11.1.2 of the Appendix. In order to prevent such
decay, antimicrobial additives, such as chitosan may be required [69]. Even with the addition of
chitosan, fungal based biological degradation was still prevalent [70]. As part of this study, a
xanthan/guar gum gel of 1/1 (w/w) [64] constituent ratio and concentrations of 3% and 5%
W/Vy,o were manufactured, sealed with a “Press N’ Seal” wrap, and observed over a period of 1
month at room temperature. The result was fungal growth in both concentrations manufactured, as

depicted throughout Figure 70-Figure 73 in the Appendix [70].

Other types of gel are those that are based on polyelectrolyte constituents. Such constituents
are typically composed of carboxylic acid and depend on the electrostatic interaction of fixed
charges on the backbone of the polymer structure for their gel like characteristics [71]. Specifically,
in the presence of ionic solutions, deprotonation of the carboxylic acid results in the formation of
carboxylate anions and sodium cations [72]. After deprotonation, the negative charge of the

carboxylate anion on the monomer causes the repulsion of carboxylate anions attached to other
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monomers [73]. This results in the unravelling or uncoiling of the polymer, and is the cause of the
gel like behaviour of polyelectrolyte type gels [73]. Sodium polyacrylate, as with other polyelectrolyte
polymers is ionic strength dependent for gelation, with the more ionic the solution being, the more
gel like the entirety of the substance becomes [71]. As such, the presence of an ionic solution is

required for the uncoiling, swelling and retention of gel like behaviour [73].

Conversely, the removal of ionic solution, such as through evaporation, results in
polyelectrolyte polymers such as sodium polyacrylate to recoil and loose its gel like consistency. This
was shown in a study [70] where 5¥10* kg of sodium polyacrylate was used to absorb 6.923%107 kg
of water and then left open to the environment at room temperature. After 4 days of evaporation,
the mass decreased to 1.493%10* kg and the substance overall, lost its gel like consistency as

depicted in Figure 74 and Figure 75 in the Appendix [70].

Yet another type of gel are polymer gels that use boric acid. Specifically, boric acid acts as a
crosslinking agent when combined with certain constituents, resulting in sol-gel transition leading to
gelation. Such gels are responsive to glucose, are temperature reversible, and can self-heal or
restructure post experiencing mechanical disruption. The glucose responsiveness of boric acid gels
allows for biomedical applications, such as the self-regulated delivery of insulin [74]. Specifically, the
presence of excess glucose results in competitive binding with borates, and the disintegration of
polymeric complexes, resulting in the gel returning to a liquid consistency [18]. Boric acid gels can be
made by combining with polymers such as polyvinyl alcohol (PVA) which has nontoxic,
biocompatibility, and biodegradable properties [75].

Within the field of nuclear decommissioning, one type of gel used is in the form of
strippable coatings for surface decontamination. This gel type is manufactured by reacting
polyacrylamide-alginate with Ca® [76]. The gel is used as a cartier agent of magnetic particulates,
such as Fe;O,, coated with Prussian Blue, a metal ferro-cyanide complex that binds with cesium,
allowing for the surface decontamination of "’Cs [76, 77]. After decontamination of surfaces with
the gel, the cesium bound particles can then be extracted due to their magnetic characteristics via the
assistance of additives, allowing for the gel to be reused [76, 77]. Similarly, PVA-Borate gels
containing cesium adsorbing magnetic particles have also been used for surface decontamination.
However, unlike polyacrylamide-alginate based gels, additional additives are not required for the
extraction of cesium bound particles for the recovery and reusing of the gel [3]. Other applications

of gels within the field of nuclear decommissioning include:
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1) Bathing small items for decontamination purposes using carrageenan-silicate based gels
[78].

2) Removal of ethylenediaminetetraacetic acid from ion exchange resins using anion
exchange gels [79].

3) Radio chromic dosimetry using PVA- glutaraldehyde (GTA) based gels combined with

potassium iodide [80].

Polyelectrolyte gels lose their gel like characteristics as the ionic solution evaporates[73].
Additionally, stresses that act upon these gels results in deswelling [81]. This was evident in a study
where application of local pressure on the sodium polyacrylate gel that was used to absorb water

resulted in the local release of water at the pressure point [70].

Of interest to this study are PVA-borax gels, which exhibit temperature reversibility and self-
healing characteristics due to the borax constituent [74]. These gels are also non-toxic and
biodegradable [75]. PVA is a water-soluble polymer. Various techniques can be used to make PVA
undergo sol-gel transition resulting in gelation. One such technique is irradiation based, [82] and
another is through repeated freeze-thaw cycles [83]. It must also be noted that the physical or
chemical crosslinking that occurs in PVA — borax systems is dependent on the formation of bonds

(hydrogen based or otherwise) between these two constituents [84].

PVA-borax type gels may be used for the capture and disposal of various forms of wastes
generated during decommissioning works, including dismantlement, volume reduction as well as

decontamination.

18



Literature Review

2.5  Summary

Dismantlement and decontamination of radioactive infrastructure can be achieved by a
number of techniques, all of which produce secondary and tertiary wastes. These wastes exist in
several physical forms (solids, liquids, gases, aerosols), and sizes. Depending on the form and the
size of the waste, various traditional techniques can be employed for the capture, storage and

disposal.

Gels provide an alternative methods of waste capture and disposal, without the
disadvantages of dry filtration techniques, which are prone to clogging, or the disadvantages of wet
systems, which requires additional steps such as dewatering or evaporation. Specific to gels, PVA-
borax types with biodegradable, reversible, and self-healing properties as well as multiple methods of
achieving gelation may be used for the capture and disposal of wastes generated from the various

decommissioning processes.

Characterization of the gel and gel constituents, specifically the change in behaviour as a
function of varied constituent concentrations, will allow for the manufacturing of gels with the most
optimal application specific characteristics. Application specific characteristics are all dependent on
viscosity [85, 80], and variation of gel can be achieved through the variation in viscosity dependent
characteristics. These characteristics include storage modulus, loss modulus, and tand [85, 86].
Storage modulus describes the stiffness of polymeric materials [87], and the ability of materials to
store energy [88]. Loss modulus describes the viscous properties of a polymer [89], the ability of
materials to loose energy [88]. Damping coefficient, tang, describes the ratio of storage to loss
modulus and the efficiency of the material to dissipate energy [88]. Application specific optimization

of characteristics include:

i) arelatively low viscosity gel with a relatively high loss modulus, and tand < 1 which is
ideal for fluid flow processes such as aerosol capture via bubbler column methods.

ii) a putty like viscosity type gel with a damping coefficient tan§ = 1, which is optimal for
surface contamination capture.

iif) A relatively high viscous and storage modulus gel, which is optimal for long term zn-sitn

storage.
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3 Materials

The gel is comprised of 4 constituents: Polyvinyl alcohol (PVA), di-sodium tetraborate
decahydrate (borax), Fructose and water. Background and details pertaining to each of these
constituents (omitting water), including the manufacturer of the constituents used for producing the

gel are further detailed within this section.

3.1 Polyvinyl Alcohol

Polyvinyl alcohol is a non-toxic polymer and is considered to be a polyhydroxy (defined as
consisting of multiple OH) groups). Due to the hydrophilic and biocompatible properties of PVA, it
is considered a biodegradable, non-toxic polymer [90]. Furthermore, PVA is considered to be a

polymer with a relatively high dielectric strength, and has high transparency [90].

Polyvinyl alcohol can be obtained through the hydrolysis of polyvinyl acetate [90], which
results in the replacement of the acetate groups with hydroxyl groups, resulting in a polymer chain
with a variation in the number of acetate and hydroxyl groups, depending on the hydrolysis process.
One methods of manufacturing PVA is through the hydrolysis of polyvinyl acetate using an alkaline
catalyst, such as Sodium Hydroxide [91], in the presence of methanol (a Bronsted-Lowry type fluid),

the solvent [91].

The degree of polymerization (DP) is defined as the total number of monomer units in the

polymer [92]. The degree of polymerization is calculated according to the following equation:

DP=n+m Equation 4

A single repeat of a hydroxyl group (n from Equation 4) and an acetate group (m from Equation 4)
is defined as the monomer unit [92, 93]. Figure 2 provides a depiction of the hydroxyl and acetate

groups of a PVA chain.
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The degree of saponification (SD), also referred to as the degree of hydrolysis is the ratio of
the number of hydroxyl groups to the total number of monomer units in the polymer, [93] and is

calculated according to the following equation [93]:

Sp = no_. 100 Equation 5

n+m

The acetate groups of the PVA chain are hydrophobic [94]. The hydroxyl groups of the chain are
hydrophilic since it provides sites for forming hydrogen bonds with hydroxyl groups of other
molecules [95]. As such, the degree of saponification from Equation 5 is an indication of the ratio of
hydrophilic groups of the polymer. Varied conditions of the saponification process of PVA can

result in varied degree of hydrolyzation (fully or partially hydrolyzed).

Figure 3, compares fully hydrolyzed to partially hydrolyzed PVA [96]. Fully hydrolyzed
(degree of hydrolysis is 98% - 99.8%) PVA, as depicted in Figure 3, is relatively insoluble in water
and requires relatively high temperatures (> 353.15 °K)) for dissolution. The solubility of partially
hydrolyzed PVA depends on the molecular weight. Partially hydrolyzed PVA, as depicted in Figure
3, with a relatively high polymer average molecular weight (or reduced # of repeating OH groups)

are less soluble in water and require elevated temperatures [96].

A higher percentage of hydroxyl groups (OH), or higher the degree of saponification, means
a more orderly array along the backbone chain uninterrupted [97] by the acetate group; this is ideal
for gelation as acetate groups do not participate in the gelation process; rather the higher the degree
of hydrolysis the higher the number of OH groups available for crosslinking with borax (PVA —
borax crosslinking theory is discussed in section 3.2), resulting in a higher degree of gelation. The
PVA used for constituent characterization and production of gels was obtained from Japan,
specifically, from Hokokukoryo Inc, under the product name of Hokoku-nol, in a 10 w/w%

aqueous solution form, with a polymerization degree of 2000, and a saponification degree of 87.6%.
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OH 0
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(Hydrophobic)

Figure 2: Hydroscyl and Acetate Groups of the PVA repeat chain identified
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(a) Fully Hydrolyzed (b) Partially Hydrolyzed

Figure 3: Comparison of PUVA - Fully Vs Partially Hydrolyzed PV A polymer chains

22



Materials

3.2 Di-Sodium Tetraborate Decahydrate

Borax (also referred to as sodium borate/ sodium tetraborate / disodium tetraborate or di-
sodium tetraborate decahydrate) is the most common mineral form of boron and is the precursor
for the manufacturing of boric acid. It is commonly used as a preservative, antiseptic, fungicide and
for flame retardation. Anhydrous borax has a reported melting point of 1016.15 °K and a boiling
point of 1848.15 °K. Borax is known to have a relatively low solubility limit of 5 wt% [98]. Borax

has various states of hydration, (ranging from anhydrous to decahydrate) some of which are: [99]
anhydrous borax : Na,B,O

borax pentahydrate  : Na,B4O;-5H,O

borax decahydrate : Na;B4O7-10HO

The borax used for the manufacturing of the gels are obtained off the shelf, from
convenience stores such as Walmart, specifically, the borax used in this work was manufactured by
“20 Mule Team”, with a CAS# 1303-96-4 [98]. The hydration state of this borax depending on the

environmental conditions of storage and transportation can vary widely.

Although the constituent concentration of borax is specified, the hydration state of borax
isn’t, and as such, this can affect the total concentration of water used in the gel as a function of the
varied state of borax hydration. Although the gel may be manufactured according to constituent
concentration specifications, repeatability and verification through literature tabulated density and
viscosity can only be achieved when identical constituents (such as borax of identical state of
hydration) are used. With regards to borax used in this work, the manufacturer specifications states
that the borax is of decahydrate form [98]. It is important to verify this state of hydration, such that

all future gels manufactured are of the same form ensure repeatability of characteristics.

To verify the hydration state of borax, the temperature setpoints and time required to
transform states of hydration must be first identified. Sahin et al [100], and Kocakusak et al [101]
have reported temperatures and times required to achieve various stages of hydration. The various
hydration stages of borax, including temperatures and time required to achieve the hydration stages
are specified in Figure 4. It can be observed that for the borax dihydrate stage, authors reported

different temperature ranges to achieve the same stage of hydration [100, 101]. Similarly, authors
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reported slightly varied temperatures for the different stages of hydration levels. As stated by Ruhl et
al [102], this is because of the varied heating rates used by the different authors. Ruhl et al reported
achieving BPH at 391 °K and anhydrous borax at 434 °K [102]. Based on the known hydration
levels from literature, and through thermogravimetric analysis (which provides mass and
temperature readings as the borax is being evaporated), the hydration state of borax can be
calculated. Specifically, the hydration state can be driven to a specified known setpoint (by
evaporating the water content of the borax) under continuous measurement of mass and
temperature, after which the plots generated from the Coats and Redfern method [103] can be used

to calculate the initial state of hydration.

When in aqueous solution, borax dissociates into the B,O5(0OH )3~ ion, which is known to
be a weak base. The B,05(OH)3%™ ion, reacts with water and further dissociates into hydroxide ions
(strong base) and boric acid (weak acid) [104-1006], which due to being a weak acid accepts OH- and
exists in the form of [B(OH),]™ and H30*[107]. The multi-equilibria dissolution of borax in water,
that results in the formation of sodium as well as boric acid and borate ions is detailed in the
Appendix, under section 11.2.1. The multi-equilibria reactions can be combined into one reaction,

according to the following expression:

Na,B,0, « 10H,0 — 2Na* + 4B(OH)3 + 2H* + H,0 Equation 6

According to the two major PVA-borax gelation theories from literature, it is either the boric
acid or the tetrahydroxyborate ion species from the equilibria reaction in Equation 6 that is
responsible for crosslinking with PVA. Based on Equation 6 and its respective solubility constant
(Ksp; The log K, of this equilibrium reaction at 295.65 °K was reported to be -24.8 by Xiong et al.
[108]), the concentration of tetrahydroxyborate Ion (B(OH)j ), as well as H* can be calculated at
equilibrium, prior to the addition of any other constituent. The determination of (B(OH)j ), as well
as H* is important as it then allows for the determination of the concentration of H3B05 at
equilibrium. The concentration of B(OH); and boric acid at equilibrium can then be used to

approximate the concentration of the crosslinked species responsible for gelation.
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It must be noted that when the concentration of boric acid exceeds a concentration of 0.025
M [109], the equilibria no longer adheres to the weak acid behaviour; rather boron also associates
with three or four oxygen atoms to form poly-borate species, the most prevalent of which are
B303(0H)3 [109, 110] and BsOg(OH)4™ [110]. These poly-borate species must be accounted for
when determining the equilibrium concentrations of (B(OH)j ), as well as H*, when Boric acid

molarity is greater than 0.025 M.
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Borax Decahydrate
[N2,B407-10H,0]

400-550 oC
(Author 2)
280-320 °C
> 60 Minutes

180-230 °C utrer2)
>20 Minutes

115.85-119.85 °C (Author 2)
(Author 1)

o 130-150C
59.85 oC > 30 Minutes
(Author 1) (Author 2)

1E7;\itfo5r ;)C Anhydrous

< borax monohydrate| | Borax

B [N ﬂ2B407]

borax monohydrate

borax dihydrate [Na,B,071H0]

borax pentahydrate| | | [Na,B,;072H,0]
[Na2B4O7'5H20]

borax trihydrate
[NazB407 : 3H20]

Figure 4: Various stages of borax: hydration — Decabydrate to Anhydrous; Author 1 = [100], Author 2 = [101]
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3.3 Fructose

Fructose is a secondary constituent required for aiding in the manufacturing of gels and
exists as the f — D fructopyranose tautomer [111]. In aqueous solution, fructose does not dissociate
but rather exists in various other cyclic tautomer forms: 68.2% of the f — D fructopyranose form,
22.4% of the B — D fructofuranose form, 6.2% of the @ — D fructofuranose form, 2.7% of the a —
D fructopyranose form and 0.5% of the linear keto form [112]. These tautomer forms are depicted
in Figure 5 [113].0f the various tautomers depicted in Figure 5, the ones of interest to this work,
due to their capability to form complexes with boronic species, are f§ — D fructofuranose, @ — D

fructofuranose and f — D fructopyranose [114].

Fructose is typically used in the chemical industry for the purpose of aiding in the solubility
of hydrophobic ingredients [112], as is the case with the assistance in the dissolution of borax. A 10
w/v% fructose solution has a viscosity of 1.18 cP at 293.15 °K and 1.02 cP at 298.15 °K, according
to literature [115]. D-Fructose used for constituent characterization and production of gels were
manufactured by Alfa Aesar (product # A17718, CAS#57-48-7), with a pH of 5-7 at 298.15 °K,
and a melting point of 376.15 °K — 378.15 °K,, according to the manufacturer MSDS [116].

224 % 6.2%
B-D-Fructofuranose o-D-Fructofuranose
HO 0 OH HO o OH
HO HO
OH OH
HO HO

\\ 0.5% /

keto D-Fructose

OH O
HO & OH
OH OH
6257 Ny
,_A_\ I_A_\
B-D-Fructopyranose o-D-Fructopyranose
OH OH
0 OH 0~/ ~OH
OH OH
HO
HO HO HO

Figure 5: D Fructose in aqueous tantomeric forms [113], including relative abundance in aqueous solution [112]
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4 'Theories of Gelation Chemistry

This section will discuss the theory of gel formulation and the main issues pertaining therein.
Furthermore, the chemistry of interaction between constituents is also detailed here. This provides
an understanding of how the sol to gel transition, which leads to gelation, is enabled. The chemistry
of interaction is also important to understand phenomenon such as demixed gels, which occur when

procedures for mixing are performed incorrectly.

4.1.1 Borax-PVA Crosslinking Theories

Understanding the interaction chemistry of borax constituent with PVA is important to be
able to understand sol to gel transition and gelation. The two major PVA — borax gelation theories
found in literature, as well mechanism believed to be responsible for gelation have been detailed in

the following sub-sections.

4.1.1.1 Borax-PVA Crosslinking: Theory 1

One theory suggests that borax — PVA crosslinking occurs through the tetrahydroxyborate
ion, which is expressed as B(OH)Z; produced through the ionization of boric acid, as expressed in

Equation 7:

H3;B03 + 2H,0 Ii? [B(OH),]” + H;0* Equation 7
h

Tetrahydroxyborate ions crosslinks with PVA, as described in Figure 7 part (a) Mono-diol
complexion, resulting in sol-gel transition, leading to gelation. According to this theory, sol-gel
transition occurs through B(OH )3 mono-diol [117]/di-diol complexion with 1,2 PVA diols. A diol
is defined as a compound containing two hydroxyl groups, and a mono diol describes a singular pair,

whereas a di-diol describes 2 pairs.

28



Theories of Gelation Chemistry

In the case of 1,2 PVA diols, OH repeat units are incident or besides each other; rather than
1,3 diols where OH repeat units are alternating, as depicted in Figure 6 [14]. The mono-diol/di-diol
complexation depicted in Figure 6 results in a reversible condensation reaction, [106] forming the
gel. Alternatively, some literature states that gel formation occurs due to crosslinking via hydrogen

bonding as depicted in Figure 8 [117]:
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Normal sequence 1,2-diol Normal sequence

1,3-diol 1,3-diol

Figure 6: 1,2 and 1,3 P1”A Diols (Fully Hydrolyzed) [14]

(a) Mono-diol complexion

o\ /OH OH 0\ /0
B + _— /B\
o/ \OH OH (o} 0

(b) Di-diol complexion

Figure 7: Mono-diol and Di-diol complexion of tetrabydroxyborate ion with PV_A according to Borax-PVA crosslinking
theory 1 [117]

T H
O—H----0, O—H---0
\B/

O---- H-—O/ \c|> ----- H—O0

i H

Figure 8: Borax: PV'A Crosslinking 1ia Hydrogen Bonding (Indicated 1 ia Dashed 1 ines)
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4.1.1.2 Borax-PVA Crosslinking: Theory 2

An alternative theory of borax — PVA crosslinking is enabled through Boric acid (expressed
H3BO03), which is produced through the dissociation of the tetraborate ion, as expressed in
Equation 4 on page 24, crosslinking, instead of the tetrahydroxyborate ion, as suggested by theory 1.
This theory proposes crosslinking through mono-diol [117]/di-diol complexion with 1,2 - 1,2 and
1,2 - 1,3- PVA diols, which results in a reversible condensation reaction, [106] forming the gel.
Angelova ez al. [118] reported that borax PVA complexion based gelation is only stable at a higher

than neutral pH with optimal complexion occurring between 8 < pH =< 11.

Several authors [17, 119, 120] have postulated crosslinking is enabled via Boric acid. Bishop
et al.[17] shows this via driving the pH of the crosslinked environment greater than 12, where only
the B(OH ), species exist and observed a drop in crosslinking concentration. From this the author
concluded that if tetrahydroxyborate ion was the method of crosslinking then an increase in
crosslinking concentration rather than a decrease should have occurred in environments of highly
basic pH levels of >12 [17]. The experiment of increasing the pH of the environment greater than
12 performed by Bishop ¢z a/. is one of the reasons why the postulation of crosslinking through

boric acid, rather than tetrahydroxyborate ion is validated.

Boric acid — PVA crosslinking occurs firstly via a mono-diol complexion wherein 1,2 — 1,2
diols are bound by oxygens of the boric acid on the left side and a 1,3 diol is bound by one oxygen
of on the right side, stabilized by a water molecule [118], as depicted in Figure 9 [118, 121]. At
increased basicity, boric acid converts to tetrahydroxyborate ion, via a hydroxide attack or a
deprotonation of the coordinated water depicted in Figure 9, to form a tetrahydroxyborate ion —

PVA di diol cross link depicted in Figure 10 [118].

Intuitively, in cases wherein the pH falls below 7, as per Le Chatelier’s principle, boric acid
should increase relative to tetrahydroxyborate ion, and as a result, the number of complexions
should increase; however, it must be noted that mono-chelate complex is relatively unstable

compared to when boric acid is converted to tetrahydroxyborate Ion when the pH is higher than 7.
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Furthermore, when the pH falls below 7, the hydroxyl groups of the polymer chain become
protonated, occupying the diols and preventing the PVA diols (which favor chelation) from forming
chelates with the Boric acid. [118].

Figure 9: P1"A mono-diol crosslinking; Stabilized by water nolecule.

H

~OH
Ho oA
0~ + O/u
-0 -H =0 0 0
\: \ ¢ i
B-o- B—0- = >B<
-0 _0/ 0 0

Figure 10: Di-Diol crosslinking of Boric Acid and PV A via deprotonation

™
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4.1.1.3 Borax-PVA Crosslinking: Comparison of Theories

Reactions between an alcohol group and tetrahydroxyborate ions are similar to ether
formation reactions which are enabled by dehydration, and requires time, measurable via NMR time
scales. Similarly, for the alcohol-borate reactions, time is required to overcome activation energy.
Contrary to this however, as observed by Rietjens [120], the equilibrium between boric acid and
borate is faster than nuclear magnetic resonance (NMR) time scales; hence the reaction is fast,
reflected by its low activation energy (20.5 kJ/mol). Compared to B(OH)y, the trivalent boron in
boric acid, with an empty p orbital is very electrophilic and rapidly reacts to form complexes. Based
on this, the author concluded that it is boric acid that is much more likely to be the agent of

complexations [120].
To summarize the findings in literature:

) there is not enough time for PVA complexation with tetrahydroxyborate ions [120]
1i) bortic acid is relatively electrophilic compared to B(OH )7 [120]
1i1) a drop in crosslinking concentration, rather than an increase was observed by authors

at a pH greater than 12, wherein only B(OH)j ions exist [17]

The theory found to be most accurate has been depicted visually in Figure 11. Based on the
above findings in literature, Boric acid was ascribed to be the Borate dissolution species that is
responsible for crosslinking with PVA. Borax species complexation with Fructose, discussed in the
below sections, further compounds the theory of Boric acid being the species responsible for

crosslinking.
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7777777 e ; ; pH region optlmal for
Mono Diol Crosslink Di-diol crosslink

Alkaline | [

Figure 11: Visual Depiction of Mono-Diol and Di-Diol Crosslinking of Borax and PV'A according to the Borax-P1A
Crosslinking theory found to be most accurate, relative to the pH scale.
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4.1.2 Borax-fructose Complexion

Fructose plays two key roles in the PVA-borax gel making process by increasing the
solubility limit of borax as well as by creating a more acidic environment; the resulting acidic
environment aids in the prevention of localized high concentrations of crosslinking (which causes
the solvent to become immobilized resulting in a demixed, semi-solid state [14]). Details pertaining
to how Fructose enables an increase in the solubility limit of borax and causes acidification of the

environment have been elaborated on in the following paragraphs.

Fructose is known to aid in the dissolution of hydrophobic constituents [112] by forming
complexes with other constituents; this results in an increase in the solubility limit according to Le
Chatelier’s principle. Specifically, the addition of fructose into a borax solution results in the
formation of fructo-borate complexes through the various D-fructose cyclic tautomers, as detailed

by Xia et al., and shown in Figure 12 [114].

The borax-fructose complexation, according to Le Chatelier’s principle, results in the multi-
equilibria reaction to be driven to the right, which results in the borax dissolution products from
Equation 7 being consumed, in turn allowing for further addition of borax on the left. The specifics

pertaining to the borax — Fructose complexation are provided in the following sub-sections.
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4.1.2.1 Borax-fructose Complexion: Theory 1

One theory of borax-fructose complexion that results in environmental acidification through
fructose is by the complexion with boric acid, as depicted in Figure 13 [122-124]. Based on this

complexation, the following expression describing the reaction can be written:

H3803 + C6H1206 (_—) HBO3' C6H1004 + Z(OH) + 2H+ Equatioﬂ 8

The complex (in Figure 13) then dissociates to release H+. Similar to fructose, other polyhydroxy
compounds such as glycerol or mannitol have the same effect when added to the gel, resulting in
environmental acidification and a weaker gel [14]. The saccharide-boric acid complex dissociation

and the production of H" is depicted in Figure 14 [125]. Based on this complexation, the following

expression describing the reaction can be written:
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HB03 N C6H1004 + Z(OH) + 2H+ (:) BO3 : C6H1004 + H+ Equation 9

Rather than the dissociation above, an alternative possibility is that the saccharide-boric acid
complex could result in the doubly coordinated borate-hexose complex [107] reaction [125], as
depicted in Figure 15. This doubly coordinated fructo-borate complex can be described in the

expression below:

HBO3 * C6H1004 + C6H1206 (_—) BOZ ‘ 2(66H1004_) + H20 + H+ Equatioﬁ 10

Regardless of which of the two reactions depicted in Figure 14 or Figure 15 occurs, an
overall release of protons is evident. It should also be noted that the resulting acidification of the
environment [107] causes a shift towards the left, specifically for the last step of the borax multi-
equilibria dissolution. The tetrahydroxyborate ions (B(OH)™ ) protonate and reverts to boric acid,
during which H+ detaches from H,0, and proceeds to attach with an OH- leg from the B(OH)™,

resulting in two H, 0 molecules.
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Figure 14: Saccharide borate complexation, Scheme A

Figure 15: saccharide borate complexcion Scheme B

4.1.2.2 Borax-fructose Complexion: Theory 2

An alternative theory for environmental acidification by fructose was proposed by J.
Boeseken [124]. borax dissociation produced boric acid which transforms into a tetrahydroxyborate
ions. Boeseken [122] proposed that the tetrahydroxyborate ion produced from boric acid ionization
complexes with fructose rather than the boric acid itself resulting in a fructo-borate complex and the
production of two water molecules, as shown in Figure 16 [122]. This fructo-borate complexation

reaction is expressed in Equation 11:
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B(OH)Z + CGHIZOG (_—) [HzBO4_ ‘ C6H1004]_ + 2H20 Equation 11

The fructo-borate complexion described in Figure 16, complexes further, in the presence of
additional fructose molecules, to produce a di-fructo-tetraborate complex, and two water molecules,

as shown in Figure 17 [122]. This doubly coordinated fructo-borate complex is expressed in

Equation 12:
[H2B04 - CeH1004]™ + CeH1206 2 BOL - 2(CsH1004) + 2H,0 Equation 12
OH OH — A
>B_/ +HO(‘:H_)OH\_/3(‘:H+2HO
— 2
o’ o HO—C|—H OH \O—C—H

Figure 16: Tetrahydroxyborate based saccharide borate complexion, Scheme A

HD\\ -/,O—(;:—H HD—(;:—H H—C—O\ -/D—{;:—H

HO —C—H HO—C—H H—C— \O—C—H

Figure 17: Tetrahydroxyborate saccharide borate complexion, Scheme B
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4.1.2.3 Borax-fructose Complexion: Theoretical Correlations

The Grunberg-Nissan and the Tamura-Kurata theoretical correlations, can be used to
validate the interaction between Fructose and borax. The Grunberg-Nissan correlation is expressed

in Equation 13 [126]:

10810 m = X1 10819 M1 + x2 10810 12 + x12,d Equation 13

From Equation 13, the x variables represent mole fractions of the individual constituents, and the d
variable represents the interaction coefficient, which is solely temperature dependent but is
independent of the solution composition. This equation is employed under the hypothesis that no
interaction/complexion between any two constituents occurs. The Tamura-Kurata equation is

expressed as per Equation 14 [126]:

10810 Nm = X1 NP1 + X2M202 + 2112(X1 X201 93) Equation 14

From Equation 14, notations identical to Equation 13 are used. Furthermore, ¢ is the volume
fraction and 14, is the interaction coefficient that is both dependent on the viscosity of the

combined fluid and temperature. 1)1, was determined by using least square regression analysis, an
output of which is the interaction coefficient between the viscosity of borax and the viscosity of

fructose. It is used under the hypothesis of interaction between any two constituents. [120]

Taking the simplest model of viscosity for binary mixtures, the Graham model [127], the
viscosity of the mixture is approximated by the summation of the of the product of viscosity and

mole fraction of the individual components, as expressed in Equation 15:

Equation 15
UMixture = Z(xi * ;) qration
i
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5 Methodology

5.1 Description of Approach

Reiterating the objective of this work: the investigation of the feasibility and advantages of
using a PVA-borax based gel as an alternative to traditional methods of capturing and storing wastes
generated from decommissioning works. To that end, it is critical to characterize the gel and its
individual constituents such that the behaviour of the gel and its respective constituents are well
understood. The understanding gained through characterization will then allow for the
determination of application specific optimized gel characteristics, as well as determination of
methods for repeatable manufacturing capabilities. This chapter provides details pertaining to the
various methods used to characterize the individual constituents of the gel, as well as the gel itself. A
flowchart, depicted in Figure 18 provides a description of the approach used to meet the objectives

of this work.

41



Methodology

2A: Identify &
determine methods of

observing key

characteristics

2B: Investigate the chemistry
that results in gelation

6: Characterize Gel

conditions

3: Characterize Constituents
across varying environmental

&
<

Lack of Findings /
Discrepancy

Determine
experimental
and
chemistry

5: Manufacture

gaps

y

Perform
additional
experiments

gels

Figure 18: Flowchart detailing characterization.

42

Discrepancy

Determine
experimental
and
chemistry
gaps

A 4

Perform
additional
experiments

8: Summarize

characterization
findings




Methodology

From Figure 18, the first step was to identify key characteristics. The first characteristic
identified for observations was density. Density is important for identity verification purposes,
especially, when discussing concentrations, including w/w% and w/v%. When discussing varied
concentrations of constituents, mass and volume measurements can be relatively easily obtained to
verify the constituent at a particular concentration by comparing to results found in literature.
Applications of the gel are varied, primarily as a function of viscosity and as such, the viscosity of

the gel and gel constituents is the next identified key characteristic for observations.

In parallel to the identification of key characteristics, it was also important to determine how
the individual constituents interact with one another, resulting in gelation (item #2B, depicted in
Figure 18). The next step was to determine methods to observe key characteristics. These methods
were then employed to make observations over a wide range of environmental conditions typically

expected for the various applications of gels and gel constituents.

Given that one theory of borax-fructose crosslinking results in an increase of pH, compared
to the other theory where this is not the result, the pH measurements of combined constituent
solutions can be used to validate chemistry. Once the results of the characterization of gel
constituents have been validated with chemistry and literature, gels of varied viscosities were then

manufactured, as per flowchart element #5, indicated in Figure 18.

The gels were then characterized as per element #6 of the flowchart and the general results were
validated with chemistry and literature. After characterization and validation of gels, the findings
were summarized, meeting the objectives of the problem statement. Section 3, details the various
materials used to manufacture the gel and gel constituents. Section 5.2 describes the various
methodologies employed to manufacture individual gel constituents and gels. Sub-sections within
Section 5.2 also detail the methods and equipment used to characterize gel constituents and gels

such as density, pH, viscosity, and non-Newtonian characterizations.
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5.2 Methods

To adequately characterize PVA-Borax-fructose gels and its constituents, methods of

manufacturing the individual constituents, gels, and methods of characterizing the gel and gel

constituents were determined. Table 1 details the various methods identified for manufacturing and

characterizing the gel and its constituents:

Table 1: 1 arious Methods 1dentified for the characterization of gels and gel constituents.

Method #: | Method Identified: Shorthand Name: Process Addressed
from Flowchart in
Figure 18:

0 Manufacturing of Constituent Solutions MANE: CONST SOL 2A

1 Manufacturing of Fructose Solutions MANE: FCTSE 2A

2 Manufacturing of Borax Solutions MANE: BRX 2A

3 Manufacturing of Borax-fructose MANE: FCTSE-BRX 2A

Solutions

4 Manufacturing of PVA Solutions MANE PVA 2A

5 Manufacturing of Gels MANE: GEL 5

6 Characterization: Density CHAR: DENS 2A, 3

7 Characterization: Rheology CHAR: VISC 2A,3

8 Characterization: Evaporation Rate CHAR: EVAP 2A,3

9 Characterization: Hydration State CHAR: HYDRTE 2A, 3

10 Characterization: Rheology of Gels CHAR: GEL 6

Methods detailing characterization of the individual constituents, and the gels, to obtain a

fundamental understanding of behaviours, under a range of expected environments, is discussed

within this section. Specific to Method #8 in Table 1, evaporation rate characterization is required to

determine the viscosity as a function of solution evaporated. Method #9 in Table 1, is necessary to

determine the hydration state of borax.
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5.2.1 Method 0 - Manufacturing: Constituent Solutions

Constituent solutions were prepared by obtaining a beaker and placing it on a Delta Range
PB3002-S weighing scale. The weighing scale was then tared, after which the mass equivalent of the
concentration of the solution being manufactured is added into the beaker. The required mass

equivalent of concentration is determined via the following equation:

Equation 16
MassConstituent = VOlumeNet Solution * ;%Constituent d

Once the mass equivalent is added to the beaker, the required volume of reverse osmosis
(RO) water is added to obtain the final mass of solution and constituent concentration needed. To
manufacture gels and gel constituent solutions, a source of water, with minimal contaminants is
required. The university reverse osmosis (RO) water purification system, accessed via a laboratory
tap located from a 4th floor chemistry laboratory in the ERC (Energy Research Centre), belonging
to Dr. Ikeda, was this source of water used. Water obtained from this tap was stored in batches of

500 mL plastic containers and was refilled periodically, once all the containers were depleted.

The beaker is then placed on a hot plate, equipped with a built-in magnetic stirrer. The
magnetic stirrer is used either alone or in combination with heating from the hot plate.
Temperatures of the hot plate is not allowed to exceed 333.15 °K to ensure adequate margin to
prevent boiling or evaporation. After visually determining that complete dissolution has been

achieved, the beaker is removed from the hot plate and allowed to cool to room temperature.

The mass of the solution is measured again to ensure RO water was not lost to evaporation;
If mass is lost, the equivalent lost RO water mass is readded to the solution. Finally, a portion of the
solution is obtained for characterization, and the rest is transferred into storage containers for

further characterization or gel manufacturing purposes.

45



Methodology

5.2.2 Method 1 — Manufacturing of Fructose Solutions

Varied concentrations of fructose solutions, including the concentration equivalent to the gel
manufacturing, were prepared for characterization purposes. The mass of fructose required were
determined via Equation 16. The concentrations of fructose solutions manufactured, as well as the

mass equivalents, are detailed within Table 2:

Table 2: Concentration and Mass Eqguivalents of Fructose

Concentration (w/v %) Mass Equivalent (g); Assuming
500 mL Sample Size

3.6 18

6.6 33

10.6 53

13.6 68

16.6 83

After determining the concentration mass equivalents, 500 mL solutions were prepared according to

the method described in section 5.2.1.

5.2.3 Method 2 — Manufacturing of Borax Solutions

Varied concentrations of borax solutions were prepared for characterization purposes. The
gel manufacturing procedure calls for 10 w/v% borax, however borax requires additional
constituents to increase solubility (5 w/v%) [98]. From Table 3, solutions were prepared up to the
solubility limit, as well as slightly over the solubility limit at a concentration of 7 w/v% to
demonstrate precipitation effects. The mass of borax required were determined by Equation 16, in
section 5.2.1. The concentrations of Borax solutions manufactured, as well as the mass equivalents,

are specified in Table 3:
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Table 3: Concentration and Mass Equivalents of Borax

Concentration (w/v %) Mass Equivalent (g); Assuming
500 mL Sample Size

1 5

15

20

25

35

~| O | W

After determining the concentration mass equivalents, 500 mL solutions were prepared according to

the method in section 5.2.1.

Heating (up to 3 on the dial or equivalent to 333.15 °K) was required to accelerate the
dissolution process. Once the solution was cooled to ambient room temperatures, it was confirmed

that there is no precipitation prior to performing characterization studies.

5.2.4 Method 3 — Manufacturing of Borax-fructose Solutions

Varied concentrations of borax combined with fructose of concentration 13.6 w/v%, into
borax-fructose solutions for characterization purposes. The mass equivalents of borax and fructose
requited for the varied solution concentrations (by w/v%) were determined using Equation 16, in
section 5.2.1. It must be noted that the concentration of fructose was maintained at 13.6 w/v%
throughout the manufacturing of all borax-fructose solutions. The concentrations of borax-fructose

solutions manufactured, as well as the mass equivalents, are detailed within Table 4:
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Table 4: Concentration and Mass Equivalents of Borax-fructose; Masses are added to the beaker before being filling up to 500

ml. with water.

Concentration (w/v %) Mass Equivalent (g)
Fructose Borax Fructose Borax
13.6 2 68 10
13.6 4 68 20
13.6 7 68 35
13.6 10 68 50
13.6 12 68 60

After determining the concentration mass equivalents, 500 mL solutions were prepared. In addition
to the method described in section 5.2.1, one additional step was used. Specifically, once the borax
and fructose in powdered forms are added to the beaker, the powders should be thoroughly mixed

before the addition of any water to prevent caking of the borax constituent.

5.2.5 Method 4 — Manufacturing of PVA Solutions

Varied concentrations of PVA solutions were prepared for characterization purposes. The
concentration of PVA solutions are specified in w/w%. The mass of PVA solutions required for the

varied concentrations are determined according to Equation 17:

w Equation 17
MaSSPVA Solute = MaSSNet PVA Solution * W %PVA Constituent d

Based on Equation 17, the mass of PVA required are detailed in Table 5:
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Table 5: Theoretical Concentration Mass Equivalents of P17 A

Concentration | Mass Equivalent Absolute Concentration of PVA;
(w/w %); ) Assuming 500mL or 494.72g Net Sample Size
PVA (w/v % ot g/dL & w/w%)

16 079.16 1.58%¥ =158<. 1.6 2%
v dL’ w7

24 118.73 237%=2374. 2.4% 0.
v daL’ w '

28 138.52 2.77% =2774. 2.8% 0.
v daL’ w '

34 168.20 336% =336-<. 3.4% 0.
v daL’ w '

44 217.68 435% = 4359. 4.4% 0.
v daL’ w '

The PVA obtained from the manufacturer is a 10 w/w% aqueous solution. The
manufacturer and the specifications of the PVA are detailed in section 3.1. The third column of
Table 5 is a calculation of the absolute concentration of PVA after further dilution. This was

calculated according to Equation 18 and Equation 19:

Mass * 10% Equation 18
Absolute PVA Concentrationg = PVA Solute 9 a
dL MaSSSample Size dL
Mass *10% w Equation 19
Absolute PVA Concentrationw,, = PVA Solute —% 4

Zop T
w % MaSSSample Size w

Regarding PVA solution preparation, rather than filling the beaker up to the 500 mL mark
after the constituent mass equivalent is added, as described within the method in section 5.2.1, the
scale is instead tared and the mass equivalent of RO water required to manufacture the intended

specified constituent concentration in w/w% was added.
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5.2.6 Method 5 — Manufacturing of PVA-Borax-fructose Gels

Once the borax-fructose solution was manufactured, a portion of the solution was obtained
for the sol-gel process via constituent combination. First, the beaker is tared on a weighing scale.
The required quantity of pre-manufactured PVA solution of specified concentration is added to the
beaker. Another beaker is also tared on a separate weighing scale for the addition of the specified

concentration of borax-fructose solution.

The original procedure called for 15 g of pre-manufactured borax-fructose solution of 13.6
w/v% fructose and 10 w/v% borax to be mixed with PVA solution. 22.5 g of PVA is then added to
a separate beaker and mixed with 7.5 g of RO H,O using a magnetic stirrer on a hot plate set to 45

°C. The PVA solution is then added to the 15 g of borax-fructose solution while thoroughly mixing.

The new procedure requites pre-manufactured borax-fructose solution of 13.6 w/v%
Fructose and 10 w/v% borax to be added in a dropwise fashion into the PVA solution while
thoroughly mixing to produce the gel. It is important that the PVA solution is added to the beaker
first and then borax-fructose solution is added in a dropwise fashion afterwards. Inversion of this
process as with the original procedure results in demixed gels. The concentration equivalents of
constituents used to manufacture a 0.052 kg gel sample, including the quantity of borax-fructose

solution added dropwise, are specified in Table 36 within the Appendix under section 11.3.1.

The table specifies concentrations and quantities to manufacture two types of gels. The
relative concentration of PVA solution and borax-fructose solution for type I gels were 96.15 w/w%
and 3.85 w/w% respectively. The relative concentration of PVA solution and borax-fructose
solution for type II gels were 88.46 w/w% and 11.54 w/w% respectively. Five vatiations of type I

and type II gels can be manufactured based on the absolute concentration of PVA solution from

Table 5.
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5.2.7 Method 6 — Characterization: Density

After gel constituents or gels have been manufactured, density is one of the first
characterizations that is performed. Density characterization also serve as a relatively simple method
for verifying the constituents and gels, are as expected; for example, simple changes, such as

evaporation are reflected as changes in density.

To obtain density, a graduated cylinder is cleaned rinsed and thoroughly dried. After which,
the mass of the graduated cylinder is obtained using a laboratory scale. The scale is tared while the
empty graduated cylinder remains on the scale. A sample of the solution being characterized is
obtained and poured into the graduated cylinder up to a known volumetric marking. The volumetric
measurement indicated by the meniscus is then obtained. Next, the graduated cylinder is placed on
the laboratory scale, and the mass is determined. After determining the mass, the density, p, is

calculated according to the expression in Equation 20:

p= m + w, Equation 20
(4

The uncertainty associated with the density expression is described in sub section 5.2.7.1.

5.2.7.1 Uncertainty: Density Characterization

Density related uncertainty, w), is calculated as per the expression in Equation 21:

Equation 21
(ap )2+(ap )2 quation
w, = — * W — * W
p om " ov "
Wherein: 22 =2, 22 = _ ™. ) = +0.01g [128]; @, = * 0.5 ml, given a 50 mL graduated
‘om v’ ov pz) Wm = = VUL > v — & g

cylinder was used for measurements. Therefore, density related uncertainty, w), including equipment

associated uncertainty can be expressed as per Equation 22:
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) 5 Equation 22

w, = (%*0.01) +(;Tzn*0.5)

Given that the laboratory balance has an inherent uncertainty of * 0.01g, and the graduated
cylinder has an inherent uncertainty of = 0.5 ml, this translates into an uncertainty on the order of +
0.05 for density, as can be observed in Figure 36. An uncertainty of * 0.05 for density is acceptable
since variations as a function of constituent concentrations can be adequately observed with this

level of uncertainty, as observable from Figure 36, Figure 42, Figure 45, and Figure 48.

5.2.8 Method 7 — Characterization: pH Measurement

The pH of the various solutions manufactured were obtained using an EXTECH
Instruments-ExStik PH100 meter. The pH meter was calibrated using a pH 7 buffer solution. The
pH meter requires calibration whenever it is retrieved from storage for pH measurements. To
calibrate, the pH meter is turned on and the “CAL” button on the instrument is held while the

probe of the pH meter is submerged within the buffer solution.

Once the pH meter has been turned on, the digital screen of the pH meter will indicate the
pH of the buffer solution. The pH value will stop blinking and become a solid value once it has
achieved calibration. The manual of the pH meter states that either, a two-point calibration (with a
buffer of 7 and 10 or 7 and 4, whichever is closer to the pH of the sample), or a one-point
calibration (with buffer solution closest to the pH of the sample solution) is valid. A one-point

calibration was used for pH measurements for this work.

Once the pH meter has been calibrated, rinsed in RO water, and wiped it is ready for
measurement of pH. To measure pH, dip the electrode bulb into the sample solution. While the
bulb of the pH meter is immersed in the sample solution, the user must wait until the pH value has
stabilized, indicated when the blinking digital interface becomes solid. The inherent uncertainty of
the instrument, according to the user manual was reported to be * 0.01 pH, with a pH measuring
range from a pH of 0 to 14. The pH meter also provides temperature readings for the pH
measurement. The temperature readings were reported to have an uncertainty of 1 °C according to

the user manual.
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5.2.9 Method 8 — Characterization: Evaporation

Constituent/gel solution evaporation observations allows for the determination of vatious
phenomenon; including the rate of evaporation as a function of viscosity (or PVA concentration,
which is directly related to viscosity), especially that of PVA solutions and gels as the viscosities of

these substances vary dramatically as a function of evaporation.

Equipment requirements for evaporation observations are a 50 mL graduated cylinder,
laboratory scale, Buchner flask, a pump, a rotameter as well as a variac for pump control. A
schematic of the setup is depicted in Figure 19. The graduated cylinder and the laboratory scale
allow for density observations before and after evaporation. A sample less than 50 mL of
constituent or gel is obtained and poured into the graduated cylinder up to a known volumetric
marking and then weighed for density and viscosity observation. The contents of graduated cylinder
is then poured into a 125 mL Buchner flask. The Buchner flask is then attached to the rest of the

system via plastic tubing.

Once the Buchner flask is attached to the system, the pump depicted in Figure 19 is then
used to suction air, firstly through the rotameter. The air is then directed from the outlet of the
rotameter via plastic tubing to glass tubing at the entrance of the Buchner flask, where the air
interacts with the sample fluid over a pre-determined time, allowing for bubbling to occur. The
bubbling causes solution molecules to temporarily be at the solution surface where intermolecular
attractive forces that hold the solution together are reduced allowing for molecules to enter the
vapor phase [129]. Air flow then continues to be suctioned from the outlet of the Buchner flask
through the pump and is finally vented to atmosphere. The remaining solution after bubbling for a

pre-determined amount of time, is then characterized for density and viscosity.
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Figure 19: Schematic - Evaporation Rate Characterization; Red Arrow Indicates air flow entrance, green arrow indicates

airflow excit, blue arrows indicate direction of air flow between components of system.

5.2.10 Method 9 — Characterization: Hydration State

The hydration state of borax can vary depending on the environmental conditions of storage
and transportation; hence, the verification of the hydration is important to ensure materials being

used for the manufacturing of the gels are as expected to ensure repeatability.

The hydrated state of borax can be determined through thermogravimetric analysis. This was
achieved by using a STA 449 F1 Jupiter TGA with a silicone carbide furnace, which will provide
mass and temperature readings at each time step through integrated thermocouples and a weighing
balance. The mass and temperature readings are used as part of the calculation of the state of
hydration. A schematic of the system is depicted in Figure 20.

The thermogravimetric analyzer (TGA) has a heating range between 25 — 1500 °C, with a
manufacturer suggested heating rate range between 10-20 % Prior to inserting samples into the

TGA, a number of preparatory steps have to be performed first:
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1. Ensure Argon gas is available for use as a purge/cover gas.

2. Switch on the thermostat 3 hours, and the computer system 1 hour, before performing the
analysis. (TGA is usually left turned on constantly).

3. Wear latex gloves, dust mask and goggles before handling the TGA and the borax.

4. Select the appropriate crucible (Alumina Type has been selected for use with borax as no
interaction with borax should occur).

5. Clean the crucible and lid with ethanol or acetone, and wash with deionized water. Dry the
crucible and heat it to the final working temperature.

6. Perform baselining using empty crucibles as per the TGA manual.

A small sample of borax, of 772.25 * 0.01 mg was then transferred into the TGA crucible,
as pictured in Figure 21. The Alumina type crucible was then placed onto the thermocouple stand of
the TGA, as depicted in Figure 22. After which, the oven was closed, and the software was used to

combine the sample measurement with the correction measurement (obtained from the baselining).
. o . .
The heating rate of 15 m—::l, maximum temperature of 573.15 °K and temperature hold time of 1.5

hours are input into the software. Before starting the analysis, it must be ensured that the instrument
is setup for dynamic purging. The thermogravimetric analyzer is then turned on and ramps up to the
temperature setpoint input by the user. After completion of the experiment, the data was remotely

accessed for analysis.
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Figure 20: Schematic - 'Thermogravimetric Analyzer

Figure 21: Sample for the TGA experiment that was Figure 22: Crucible Placement onto the thermocouple stand
transferred into the crucible of the TGA
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The borax constituent of the hydrated borax should not be effected by the sample
temperatures it is exposed to by the TGA [130]; given such a case, the time rate dependent
parameters [130] such as activation energy and frequency factor can be calculated using the Coats

and Redfern method [103] of interpreting the Arrhenius equation.

The rate of the fraction of A (of the physical reaction of the form ad — bB (s + cC(g)) of

the borax sample that has disappeared over a period of time, is expressed as follows [103]:

Z—j k(1 - )" Equation 23

Where a is the fraction of A decomposed at time, t. k and n are the rate constant and the order of

the reaction, respectively. The linear heating rate of f§ is described by Equation 24 [103]:

p =dT/dt Equation 24

Where T is the temperature in Kelvins. The rate constant k is described by Equation 25, which is of

an Arrhenius type [103]:

P Equation 25
— o

Where kj is the frequency factor E; and R are the activation energy and gas constant, respectively.
Coats and Redfern combined expressions in Equation 23, Equation 24 and Equation 25, and

integrated, to obtain the following expression for Y, the initial state of hydration [103, 131]:

1—(1—x)™"
T2(1—n)

koR E, " Equation 26
-, * 1:
n - Forn

Y=lnl

Where, x is the amount of water evaporated. Units for the variables of the expressions in Equation

23, Equation 24 and Equation 25, are detailed in the Appendi, under section 11.4.2.

57



Methodology

Plotting the left-hand side (LHS) of Equation 206, against 1/T, distinct lines that are
indicative of different phases of transitions can be obtained. The transitions and the lack thereof, of
the various slopes and intercepts of the lines are indicative of the various states of hydrations, and

can then be used to solve for activation energies and frequency factors as per the following [131]:
Activation Energy: (m is the slope)

E, . Equation 27

Frequency Factor: b is the y intercept of the linear line of best fit)

b 4 BE Equation 28
R

e
ln( R bk, =

BE
5.2.11 Method 10 — Characterization: Rheology of Gels

The viscosity of polymers such as PVA are dependent on properties/charactetistics such as
loss modulus, elastic modulus, [86] damping coefficient [132] and glass transition temperatures [133].
Although these characteristics must be determined experimentally through dynamic mechanical
analysis, the characteristic change due to modification to the environment (such as temperature or
even shear stress variation) are reflected as changes in viscosity. Storage and loss modulus are

directly related to complex viscosity according to the following expression [85, 80]:

(G'+G") Equation 29
) = In*(wf)| = I—I = ‘—

where, G*is the dynamic modulus, the sum of storage (G') and loss modulus (G"). wy is the angular
frequency at which the measurements are obtained. Dynamic modulus describes the loosening or
tightening of the polymer structure [134] which allows for an increased or reduced degree of
movement of the smaller polymer chain segments. It must be noted however that the magnitude of

the complex viscosity is equivalent to viscosity under continuous shear stress, only given that the
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continuous shear rate is equivalent to sinusoidal frequency (or in other words, the complex viscosity

observed over one cycle per second) [135].

Kinematic and dynamic viscosity can be determined experimentally. The viscosity
measurements for purposes of this thesis, are obtained using a concentric Searle type viscometer,
specifically, a “Fungilab Smart Series One” [136]. Concentric Searle type viscometers use the
relationship between shear stress, shear rate to determine dynamic viscosity. Shear stress and shear
rate are measurements provided by the instrument. The Fungilab viscometer rotates a spindle at a
constant speed resulting in a viscosity determined under a continuous shear rate along its axis while
submerged in the sample fluid of interest. The cylinder containing the sample fluid remains
stationary. The torque applied by the viscometer motor is related to shear stress (T), according to

Equation 30 [137]:

T Equation 30

'S onR2L

The shear rate (y), experienced by the viscometer spring, and the relationship between shear
rate and the rotational speed of the viscometer (w), is expressed according to Equation 31 [137]:

) 2wRZR? Equation 31
YX) =57 pa

x*(R& — R%)

Nomenclature section 11.4.3 provides the units of the variables torque (T'), spindle length (L),
cylinder radius (R.), spindle radius (Rjp) and x, the distance between the rotational axis and the layer
of liquid at which the measurement is taken. Shear stress and shear rate are in turn related to

dynamic viscosity (i), by [137]:

Equation 32

I~

Prior to operating the viscometer, certain factors that effect measurements obtained using
the viscometer must be considered. According to the manual, viscosity measurements are only valid
when the % EOS is in the range 15-95%. If the % EOS is outside of this range then different

settings for rotational speed and spindle type are required to bring it within optimal range. The
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viscometer is capable of varied spindle speed up to 100 rotations per min (RPM) for a viscosity
range between 9 — 60 mPa-s using the L1 spindle; and up to 100 RPM for a viscosity range between
1 — 6 mPa-s using the LCP spindle [136].

Other factors to keep in mind include the combination of high rotational speeds and low
viscosi uids ands spindle to fluid container radii ratios. High rotational speeds combined with low
fluids ands spindl fluid d High 1 speed bined with 1

viscosity fluids could result in turbulent flow Taylor vortices conditions [137]. Furthermore, it must

. . . . . R
also be noted that when the container radius to spindle radius ratio is greater than R—e = 1.0847 (as
i

per the narrow gap concentric cylinder definition, according to ISO 3219 [137, 138]), this could
result in secondary flow effects and inhomogeneous deformation [137]. Contrary to the
phenomenon of large gaps resulting in secondary flow effects, the viscometer manual specifies that
containers used to hold samples must be larger than or equivalent to 83 mm [136] otherwise
resulting in artificially higher viscosity values, due to wall effects. The manual also specifies that the
uncertainty associated with any rheological measurement has a maximum error of 1%, however this

is only valid under conditions where the container is at least 83 mm in diameter or greater [130].

Instructions pertaining to the operation of the viscometer itself are found in the viscometer
procedure within section 11.3.4 of the Appendix and includes instructions on the operation of
additional plug-in equipment such as the low sample container and the thermostatic bath; both of
which are required for temperature-controlled observations of viscosity. For viscosity observations
with large sample sizes, the viscometer setup is depicted in the schematic in Figure 23. A beaker with
an inner radius of 83 mm or greater (typically 500 mL beakers are of this size), as per the viscometer
manual [130] is used. It must be noted that large sample sizes must be in the 475 mL — 485 mL
range, such that the LCP spindle is fully submerged, (as required per the viscometer manual [130]).
Furthermore, when observing the viscosity of large samples, it must be noted that the use of a
centering gauge is required. The centering gauge is placed onto the laboratory scissor jack (depicted
in the schematic in Figure 23) prior to placing the beaker. The centering gauge (with 5 mm

increments) is used to centre the beaker relative to the spindle, as depicted in Figure 24:
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Computer

Viscometer

Spindle
Beaker
J
LT\\ ]
/
0 ——— > Jack & Stand
L : e ]

Figure 23: Schematic - 1V iscometer Setup for Large Sanmple Observations.
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(A): Centering Gauge used to centre the beaker (B): Spindle and Beaker, centred relative to one (C): Spindle and Beaker Centred relative to one
holding the liquid sample relative to the spindle another using the centering gange, placed between the — another using the centering gauge, placed between
beaker and the scissor jack; 1iew 1 the beaker and the scissor jack; 1View 2

Figure 24:: Centering of spindle relative to beaker using a centering gange
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For thermal hysteresis or small sample rheological observations (sample size = 16 mL), the

viscometer must be used in conjunction with the thermal jacket, small sample container, and the

thermostatic bath, as per the schematic depicted in Figure 25. The small sample container depicted

in Figure 25 is 14 mm wide. Tap water can be used as the reservoir fluid for temperatures up to

353.15 °K. Higher temperature setpoints would require the use of fluids with higher boiling points.

Thermostatic
Bath

Viscometer

Computer

Spindle
—— > Beaker
J
Low
Sample
Container

Figure 25+ Schematic - Viscometer Setup for small samples or thermal hysteresis observations
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It must be noted that once measurements atre obtained from the viscometer, the first 100-
200 seconds are omitted. This is because the viscometer requires some time to self calibrate, as can
be seen from the large variation in viscosity in Figure 26. The time required is dependant on the

viscosity of the fluid, with more viscous fluids requiring more time.

Figure 26 shows the viscosity measurement obtained for 3.36 % PVA solution at an RPM of

12 and a shear rate of 14.676 % Once the calibration data has been omitted, the remainder of the

dataset is averaged to obtain a steady state viscosity, at a constant temperature and shear rate.

T | |
10.00 [ 3.36 g/dL PVA 5ol

975

950

925

9.00 1

Viscosity, u (cF)

B75 1T IRS R A bR
B5

825 =

8.00
0 100 200 300 400 500 GO0

Tirmne {5}

Figure 26: Sample dataset of raw viscosity data including measurements obtained during the viscometer self calibration phase.
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5.2.11.1 Characterization: Rheology — Wall Effects

With regards to viscosity measurements of large quantity samples, inadequate centering of
the container holding the sample can result in abnormally high viscosity readings. An experiment
was conducted to confirm that wall effects were not biasing viscosity results. In this experiment

readings were obtained closer to the edge of the beaker, as depicted in Figure 27.

Wall effects were eliminated by centering the beaker relative to the spindle using the
centering gauge with 5 mm increments and an uncertainty of 2.5 mm allows for the 41.5 mm radius
from the centre of the spindle to the inner wall of the beaker, (or a minimum container diameter of
83 mm [136]) which is required to avoid wall effects, to be ensured. Given the inner diameter of the
beaker is 86 mm, even with a centering uncertainty of + 2.5mm, the minimum 83 mm can still be

maintained [1306].

Figure 27: Wall effects on Viscosity Reading; At Edge
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5.2.11.2 Characterization: Rheology — Low Sample Container

The viscometer requires that a container of 83 mm or greater be used to hold samples during
measurements. The viscometer does not self calibrate to account for wall effects when the low
sample container (LLSC) is used. As such, a correction factor correlation needed to be developed for
the LSC. This correlation is used to convert the viscosities that are obtained when the LSC is used,
into viscosities equivalent to when a container that is 83 mm is used to hold samples. Further details

pertaining to the correction factor correlation are provided within the Appendix under section

11.3.2.

This correlation must be used whenever the LSC is used to hold the sample during
viscometer measurements. Specific instances in this work include thermal hysteresis experiments,
non-Newtonian experiments, as well as any experiments that require steady state temperature
observations besides room temperature. The LSC is required for any temperature related
measurements because it is coupled to a thermal jacket and was designed by the manufacturer to be

compatible with the thermostatic bath system.

5.2.11.3 Uncertainty: Viscosity

Since uncertainty associated with the low sample container based viscosity cannot be
assumed to be 1% due to the wall effects induced high viscosity values [136], the uncertainty after
converting these values into beaker equivalent values using the correlation, compounded with the
uncertainty of the correlation (uncertainties associated with the coefficients of the equation used for
curve fitting) needs to be calculated. The methodology used to calculate the uncertainty of the
viscosity using a beaker, as well as the uncertainty obtained using the LSC are discussed within this

section.

52.11.3.1 Beaker for Large Sample

The viscometer spindle is rotated at a constant speed in the sample fluid; the torque applied

by the viscometer is related to shear stress, as described by Equation 30. The uncertainty of shear
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stress (wy) is a function of uncertainties of all the associated variables in Equation 30, including,
torque, spindle radius and spindle length; and is equal to the root sum of the squares of the
contributions of associated variables (given by partial derivate of shear stress with respect to the

associated variable, multiplied by the uncertainty of the variable), as shown in Equation 33.

2 > Equation 33

ot 2 ot ot
Wr = <8_T*wT) +(aT*“’Rs) +(8_L*wL)
S

Where, the partial derivative of shear stress with respect to Torque is shown in Equation 34.

ot B 1 Equation 34
T  2mR2L

The partial derivative of shear stress with respect to spindle radius is shown in Equation 35.

ot T Equation 35

dR, mR3L

And the partial derivative of shear stress with respect to spindle length, is shown in Equation 30.

ot B T Equation 36
0L 2mR2I?

Rotational speed is related to shear rate, according to Equation 31, where the uncertainty of
shear rate (wy) is a function of uncertainties of all the associated variables and is equal to the root
sum of the squares of the contributions of associated variables (given by partial derivate of shear rate
with respect to the associated variable, multiplied by the uncertainty of the variable), as shown in

Equation 37.

Equation 37
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Where the partial derivative of shear rate with respect to angular velocity is shown in Equation 38.

by 2RZR? Equation 38
dw  x2(R%Z — R2)

The partial derivative of shear rate with respect to gaussian maximum distance, x, is shown in

Equation 39.

ay 4wR?R? Equation 39

dx  x3(R2—R2)

The partial derivative of shear rate with respect to container radius is shown in Equation 40.

ay 4wR.R¥ Equation 40

dR.  x2(RZ— R2)?

And the partial derivative of shear rate with respect to spindle radius is shown in Equation 41.

ady 4wRZR; Equation 41
OR;  x2(R2 — R2)?

Lastly, the uncertainty of the dynamic viscosity (w,,) is a function of uncertainties of shear

stress and shear rate and is equal to the root sum of the squares of the contributions of associated

variables, as shown in Equation 42.

Equation 42
0
K ot ay 7

In order to verify the uncertainty of dynamic viscosity measurements given by the
viscometer, as well as the respective uncertainties of shear stress and shear rate (which aren’t
provided for, by the viscometer or the viscometer manual), shear rate, as well as shear stress,
including their respective uncertainties were calculated using the python code. Calculations were
performed based on the knowns (such as beaker, low sample container and spindle measurements),

given in Table 6:
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Table 6: Measured parameters of container and spindle radius/ length, required for uncertainty calenlations.

Parameter Type Parameter (mm) Uncertainty (mm)
Beaker Radius 41.5 0.1
Low Sample Container Radius 32.5 0.1
Spindle Radius 12.5 0.1
Spindle Length 90 0.1

Referring to Equation 31, calculating the uncertainty requires knowledge of an unknown,
specifically, x, the gaussian maximum distance (the distance between rotational axis and the layer of
liquid at which the measurements are taken). A method to determine how to obtain X is not
provided in the manual nor is it one of the viscometer data outputs. The gaussian maximum
distance, X, is calculated by isolating for x (from Equation 31), and then substituting known

container radius and spindle radius values, as per Equation 43:

Equation 43

2wRZR?
Y(RZ — R3)

It must also be noted that when the container is swapped from a beaker to the “LSC”, the gaussian
maximum distance, X, will change as a function of container radius change. RPM and shear rate

parameters are obtained from the viscometer output dataset post experimentation.

Similar to the gaussian maximum distance, X, torque (T), is also an unknown variable and is
associated with shear rate. After isolating torque, the known parameters, specifically, spindle length

and radius quantities can be substituted into Equation 44:

T = 7% (2mRZL) Equation 44

Shear stress is a known and is output as a viscometer parameter. These knowns are then used to

calculate torque, which in turn is necessary to determine the uncertainty associated with shear stress.
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The uncertainty of shear stress (Equation 33) and shear rate (Equation 37) was used to
calculate the viscosity uncertainty using Equation 42. This uncertainty was found to vary between *
0.002 to £ 0.6, depending on the diameter of the sample container used (beaker diameter or low

sample container diameter), the viscosity of the fluid and the RPM of the spindle.

5.2.11.3.2 Low Sample Container

The viscosity manual only states an uncertainty of 1% for all measurements obtained when
the fluid container is equal to or greater than 83 mm [1306], and does not provide uncertainty
percentages for when the fluid container is swapped to the low sample type container which is
necessary for temperature controlled rheological measurements. The python curve fitting function
detailed in section 11.3.3 determines the coefficients of the equation that best correlates LSC
viscosity to beaker viscosity values. The correlation in Equation 75 (section 11.3.2) , complete with
coefficients solved using the curve fitting function, is then used to solve for y, the beaker equivalent
values (by substituting values for x, the viscometer output obtained using the LSC). The uncertainty
associated with the correction factor function in Equation 75, specifically for the coefficients must
also be calculated for and compounded to the error. Equation 45 details how the compounded

uncertainty of the correction factor function is calculated:

2 Equation 45

Where, the partial derivative of the correction factor function y, with respect to LSC viscosity, x,

from Equation 75 is shown in Equation 46.

d Equation 46
% = 3ax? + 2bx +c quation
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The partial derivative of the correction factor function y, with respect to coefficient, a, is shown in
Equation 47.
dy . Equation 47
—=x
da
The partial derivative of the correction factor function y, with respect to coefficient, b, is shown in
Equation 48.
dy Equation 48

%—X

And the partial derivative of the correction factor function y, with respect to coefficient, c, is shown

in Equation 49.

dy Equation 49
— =X
dc

Partial derivative of the correction factor function y, with respect to coefficient, d, is shown in

Equation 50.

(')y_
ad

1 Equation 50

The python code is used to plot the LSC viscosities that are converted into beaker equivalent using

the correction factor function along with the compounded uncertainty.
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5.2.12 Characterization: Rheology — Thermal Hysteresis

Temperatures can be varied at any point during viscosity observations by adjusting the
thermal setpoint of the thermostatic bath user interface. The maximum temperature of thermal
hysteresis experiment, and various intermediary temperatures can be investigated. The thermostatic

bath can be used between 299.15-348.15 °K using H,O as the reservoir fluid.

The thermostatic controller cannot be used to cool, so the reservoir was emptied while
adding room temperature water to observe temperatures in a decreasing fashion. The thermostatic

bath maintained the temperature at the lowered setpoint.

The equations of the trendlines used to describe the apparent viscosity as a function of
temperature (section 7.1.2.1) were developed using python code. Specifically, the SciPy

optimize.curve_fit function, which uses non-linear least squares to fit a function to any data.

5.2.13 Characterization Experiment Matrices

Table 7 is a matrix for the various experiments performed for density and viscosity characterizations
of constituents and constituent combinations. Table 7 consists of test cases for both density and
viscosity characteristics, since density and viscosity were measured in tandem. Table 8 is a matrix of

the pH, non-Newtonian, and borax hydration state experiments that were performed.
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Table 7: Characterization Experiment Matrixc — Excperiment Types = Density; 1iscosity; Batch Counter = BC

Test Case Identifier: | Test Case Identifier: | Constituent Concentration | RO Water
Density Viscosity (w/v%) Batch Used:
Refer to Table 10 Refer to Table 10 Water N/A N/A
D-2A1 V-2A-1 Borax 1 WTR-BC-1
D-2B-1 V-2B-1 Borax 3 WTR-BC-2
D-2B-1I V-2B-I1 Borax 3 WTR-BC-2
D-2C-1 V-2C-1 Borax 4 WTR-BC-3
D-2D-1 V-2D-I Borax 5 WTR-BC-4
D-3A-1 V-3A-1 Fructose 3.6 WTR-BC-5
D-3B-1 V-3B-1 Fructose 6.6 WTR-BC-5
D-3C-1 V-3C-1 Fructose 10.6 WTR-BC-6
D-3C-1I V-3C-II Fructose 10.6 WTR-BC-7
D-3D-1 V-3D-I Fructose 13.6 WTR-BC-6
D-3D-I1 V-3D-I1 Fructose 13.6 WTR-BC-7
D-3E-1 V-3E-I Fructose 14.6 WTR-BC-6
D-3E-II V-3E-II Fructose 14.6 WTR-BC-7
D-3F-1 V-3F-1 Fructose 16.6 WTR-BC-6
D-4A V-4A Borax-fructose | 02-13.6 WTR-BC-8
D-4B V-4B Borax-fructose | 04-13.6 WTR-BC-8
D-4C V-4C Borax-fructose | 07-13.6 WTR-BC-8
D-4D V-4D Borax-fructose | 10-13.6 WTR-BC-8
D-4E V-4E Borax-fructose | 12-13.6 WTR-BC-9
D-5A V-5A PVA Solution 1.58 WTR-BC-10
D-5B V-5B PVA Solution | 2.37 WTR-BC-10
D-5C V-5C PVA Solution | 3.36 WTR-BC-10
D-5D V-5D PVA Solution | 4.35 WTR-BC-10
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Table §: Characterization Experiment Matrix — Experiment Types = pH, Non-Newtonian, and Hydration State

Test Case Characterization Constituent Concentration RO Water Batch
Identifier Experiment Type (w/v%) Used:
pH-1A-1 pH Borax 1 WTR-BC-1
pH-1B-11 pH Borax 3 WTIR-BC-2
pH-1C-1 pH Borax 5 WTR-BC-4
pH-2A-1 pH Fructose 3.6 WTR-BC-5
pH-2B-1 pH Fructose 6.6 WTR-BC-5
pH-2C-1 pH Fructose 10.6 WTR-BC-6
pH-2D-1 pH Fructose 14.6 WTIR-BC-7
pH-2E-1 pH Fructose 16.6 WTR-BC-6
pH-3A pH Borax-fructose 02-13.6 WTR-BC-8
pH-3B pH Borax-fructose 04-13.6 WTR-BC-8
pH-3C pH Borax-fructose 07-13.6 WTR-BC-8
pH-3D pH Borax-fructose 10-13.6 WTR-BC-8
pH-4A pH PVA Solution 1.58 WTR-BC-10
pH-4B pH PVA Solution 3.36 WTR-BC-10
pH-4C pH PVA Solution 4.35 WTR-BC-10
NN-1A Non-Newtonian PVA Solution 1.58 WTR-BC-10
NN-1B Non-Newtonian PVA Solution 3.36 WTR-BC-10
NN-1C Non-Newtonian PVA Solution 4.35 WTR-BC-10
HS-1 Hydration State Borax Powder N/A N/A

SL-1 Solubility Limit Borax Solution 7 WTR-BC-4
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Table 9 is a matrix of the various evaporation and thermal hysteresis characterization tests
performed. The “Relevant Parameter” column identifies the parameters unique to the specific test

casce.

-

Table 9: Evaporation and 'Thermal Hysteresis Characterization Experiment Matrix; Note: The “Relevant Parameter” colunm
details parameters unique to the specific test case such as Time and Flow Rate, Temperature as well as if the Thermal Hysteresis

test case was incremental or non-incremental in nature.

Test Case Characterization Constituent Concentration | Relevant Parameter:
Identifier Experiment Type (w/v%) Time; Flow Rate /
Temperature /
Incremental OR
Non-Incremental
EV-1A Evaporation PVA Solution | 1.58 95.38 Hours; 0.1 LPM
EV-1B-1 Evaporation PVA Solution | 1.58 24.00 Hours; 0.1 LPM
EV-1B-II Evaporation PVA Solution | 1.58 05.00 Hours; 0.5 LPM
EV-1C Evaporation PVA Solution | 1.58 21.03 Hours; 0.5 LPM
TH-1 Thermal Hysteresis | PVA Solution | 1.58 45 °C; Incremental
TH-2A-1 Thermal Hysteresis | PVA Solution | 1.58 60 °C; Incremental
TH-2A-11 Thermal Hysteresis | PVA Solution | 1.58 60 °C; Post Cooldown
H»O Addition
TH-2B Thermal Hysteresis | PVA Solution | 1.58 60 °C; Incremental
TH-2C Thermal Hysteresis | PVA Solution | 1.58 60 °C; Non-Incremental
TH-3A Thermal Hysteresis | PVA Solution | 1.58 75 °C; Incremental
TH-3B Thermal Hysteresis | PVA Solution | 1.58 75 °C; Incremental
TH-3C Thermal Hysteresis | PVA Solution | 1.58 75 °C; Non-Incremental
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6 Results

This chapter presents the results obtained from experiments performed to address the
objectives of this work. The result from wall effects that occurs when sample beakers are not
adequately centred relative to the spindle of the viscometer is presented first as this is a source of

error that results in high viscosities.

Next, the density, viscosity and pH results of the individual constituents are described,
starting with reverse osmosis water (which was used to manufacture the gels and the gel
constituents), and then the remainder of the constituents, borax, fructose, borax-fructose, and PVA.
Specific to PVA solution characterization, additional sub-sections detailing non-Newtonian, thermal

hysteresis and evaporation rate results were included.

6.1 Wall Effects on Viscometer Measurements

During rheological constituent characterization of large samples, which required the use of a
beaker, inadequate centring of the beaker relative to the spindle, results in wall effects causing
increased viscosity. Viscosity measurements of RO water with the beaker placed at the centre as well
as near the edge of the beaker in relation to the spindle (as can be seen in Figure 29 and Figure 30)

were obtained to verify wall effects on viscosity readings.
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Figure 28: Wall effects on viscosity reading; Centre 1's Off Centre Viscosities of reverse osmosis water
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The viscosity measurements of RO water at the centre in comparison to when the beaker is
placed off centre in relation to the spindle is depicted in Figure 28, where an increase of viscosity is
observed when the spindle is placed closer to the edge of the beaker, allowing for us to verify that

wall effects do in fact result in artificially larger than normal viscosity readings. In this case, the

dynamic viscosity at the centre was measured to be 0.99 mm?/s compared to 1.3 mm?/s at the edge.

Figure 29: Wall effects on 1 iscosity Reading; At center Figure 30: Wall effects on 1iscosity Reading; At Edge
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6.2 Constituent Characterization

Results from the characterization of borax, fructose, borax-fructose, and PVA, including
density, rheology, evaporation as well as qualitative observations have been presented within this

section.

6.2.1 Reverse Osmosis Water

The density and viscosity characteristics of reverse osmosis water was determined first, both

for baseline characterization as well as for verification of the quality of the water. The density and
dynamic viscosity of water at 294.15 °K was reported to be 0.998 % and 0.978 cP respectively [139].

Comparison to measured values are in Table 10.
Table 10: Density Characterization of RO Water used for the manufacturing of various constituents.

Sample size of 50 £ 0.5 mL..

Density Experimental
Calculated Viscosity
from (cP)
Test Case Identifier Mass (@ Experimental
+0.5
Results
(g/mL)
+0.02
WTR-BC-1 49.41 0.988 0.987
WTR-BC-2 49.49 0.989 0.987
WTR-BC-3 49.57 0.991 1.041
WTR-BC-4 49.13 0.983 0.989
WTR-BC-5 49.61 0.992 0.945
WTR-BC-6 49.62 0.992 0.944
WTR-BC-7 49.62 0.992 0.928
WTR-BC-8 49.46 0.989 0.942
WTR-BC-9 49.47 0.989 0.965
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Different batches of RO water were used for the manufacturing of varied concentrations of
the different constituents. The first batch was used for the manufacturing of various concentrations
of borax solutions, likewise, the second batch was used for the manufacturing of various
concentrations of fructose solutions and the third batch was used for manufacturing of various
concentrations of borax-fructose solutions. Density and viscosity characterization results, of the
various batches of RO water, are in Table 10. The results of the density and viscosity

characterization of RO water from Table 10, are comparatively depicted in Figure 31 and Figure 32.
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Figure 31: Comparison of densities of RO Water used for the manufacturing of varied concentrations of constituent solutions;

Batch #1 = Borax Solutions, Batch #2 = Fructose Solutions, Batch #3 = Borax-fructose Solutions
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Figure 32: Comparison of average Dynamic Viscosity of RO Water used for the manufacturing of varied concentrations of

constituent solutions; Batch #1 = Borax Solutions, Batch #2 = Fructose Solutions, Batch #3 = Borax-fructose Solutions

Batch #1 in Figure 31 and Figure 32 represents RO water used for the manufacturing of
various concentrations of borax solutions. Batch #2 and batch #3, are RO water used for various
concentrations of fructose and borax-fructose solutions respectively. The acceptable uncertainty of
5% for theoretical density and viscosity of water is indicated in green in Figure 31 and Figure 32.
Comparing the uncertainty for theoretical density (Figure 31) and theoretical viscosity (Figure 32) to
the experimental density and viscosity characterization results of RO water, it can be determined
that the results are within uncertainty, excluding the singular viscosity outlier from batch #1, in
Figure 32. Given that the density and viscosity characterization results for RO water are within the
uncertainty values, when RO water baseline data is referred to within depictions of density and
viscosity characterization results of the other constituents (such as Figure 36, and Figure 43), it is the

averaged density and viscosity of RO water that is depicted.
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The outlier from batch #1 is due to wall effects related error. Specifically, the beaker holding
the RO water not being adequately centered relative to the spindle. This was confirmed as the
source of error when results from viscosity observations of the borax solution manufactured with
this batch of water was examined relative to other concentrations of borax manufactured with
alternative batches of water (WTR-BC-1, WTR-BC-2, and WTR-BC-4, as per Table 7). The
viscosities of the various concentrations of borax follow the power law trend (discussed in section
06.2.2.3). If the viscosity of the “WTR-BC-3" RO water batch were indeed truly 1.04 cP, and higher
than the viscosities of the batches used to manufacture the other concentrations of borax solutions,
this increased viscosity would be reflected in the viscosity observation results of borax solutions
however this was not the case with the 4 w/v% borax solution manufactured using this batch, which
has a viscosity of 1.04 cP, following the increasing trend as indicated by Figure 38. This confirmed

that the high viscosity of the “WTR-BC-3” batch was due to an error.

The pH of different batches of RO water were measured and recorded. The pH of the RO
water batches used for fructose solution and PVA solution manufacturing were measured and are in

Table 11:

Table 11: pH of various batches of RO water used to manufacture Fructose and Pl A constituent solutions of varied

concentrations.
Concentration (%) pH (£ 0.01) Temperature (+ 2.5 °C)
WTR-BC-6 7.45 21.8
WTR-BC-7 7.45 22.4
WTR-BC-10 7.44 22.5
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6.2.2 Borax / Borax Solutions

6.2.2.1 Thermogravimetric Analysis

This section discusses the results of the borax hydration state experiments which is identified
by test case HS-1 as per Table 8. The borax constituent has various states of hydration depending on
the environmental conditions of storage and transportation. The purpose of analyzing borax using a
thermogravimetric analyzer (TGA) was to quantify the water content to verify the state of hydration
of the borax as reported by the manufacturer [98]. This is important to identify the hydration of
borax used in the formulation of the PVA-borax gel, as well as for the purposes of adjusting the
water content of gels manufactured in the future in cases where the state of hydration may vary from

the state determined here due to using borax of a different hydration state.

The method outlined in section 5.2.10 was used to perform the thermogravimetric

experiments. 772.25 * 0.01 mg of borax was deposited into a crucible, which was placed inside the
TGA. The sample was then heated, at a heating rate of 288.15 % until a temperature of 573.15 °K

was reached, at which point temperature was held steady for approximately 1.5 hours. Heating and
holding at elevated temperatures resulted in the evaporation of the water content. The reduction in
mass, as well as temperature were observed continuously throughout the experiment, results of
which are depicted in Figure 33, to Figure 35.
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Figure 33: Temp vs Time Plot of TGA Experiment #1; Temperature Hold of 573.15 °K (300 °C) for 1.5 hrs reached at around

the 56-min mark.
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The first segment of raw data that has been plotted, indicated in orange, were measured by
the TGA during the start-up phase [140] and is the instrument self-calibration phase and was not
used. During the calibration phase the mass measured was higher than the initial mass of 772.25 mg.
Once calibration was completed at the 7-min mark, readings were obtained, at which point the
temperature was measured to be approximately 329.15 °K (or 56 °C as indicated by the callout in

Figure 33.

Data obtained during the temperature hold are indicated by the green segment of Figure 33,
Figure 34, and Figure 35; up until this point the borax sample was exposed to a constant increase in
temperatute of 15 K/min. A linear increase in temperature occurs up until 573.15 °K (300 °C). A
rapid dectrease in mass begins to occur around the 20-min mark at approximately 406.15 °K
(133 °C), and with a rate of mass decrease of 9.3 mg/min for segment 2, and 2.5 mg/min for

segment 3. Prior to this point the mass had already decreased to approximately 763 mg.

The rate of mass change slows down around 56 mins, when the temperature hold setpoint is
reached, at which point the mass has dropped to 587 £ 0.01 mg. The rate of mass decrease at this
point was approximately 0.09 mg/min, as indicated via the linear line of best fit for segment 4

(Figure 34).

[Ty=-07135x+778.64 =@ Mass Vs Time Segment 1.1
T y = -9.3994x + 960.44
l—y=—2.5786x+726.02 =@ \ass Vs Time Segment 1.2
‘ l—y =-0.0975x + 587.78
Mass Vs Time Segment 2
56.19, 586.80
® Mass Vs Time Segment 3
20.15, 762.95
7.01,772.27 ® Mass Vs Time Segment 4
0 20 40 60 80 100 120 140 160

Time (Min)

Figure 34: Mass Vs Time Plot of TGA Experiment #1; Temperature Hold at 300 0C for 1.5 hrs
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Figure 35: Mass 1's Temp Plot of TGA Excperiment #1; Temperature Hold at 300 °C for 1.5 hrs

An important observation is that in the range of 331.15-334.15 °K (or 58-61 °C, which is the
temperature point at which borax decahydrate transitions to borax pentahydrate [100]), there was
very little change in mass, as can be seen from Figure 35. The change in mass across this range in
data is only 0.27 mg. Based on this most of the constituents of the initial borax was already of the

borax pentahydrate state. This was verified using stochiometric calculation in the next section.

6.2.2.1.1  Stochiometric Calculation

Assuming that the hydration level is at minimum, borax monohydrate, after holding the
temperature at 300 °C for 1.5 hr, the hydration level of the borax prior to heating can be calculated

from:

w(Na,B,0, - Y(H,0)) > w(Na,B,0, - 2(H,0)) + z(H,0) Equation 51

Assuming that holding the temperature for 1.5 hrs at 300 °C produced borax Monohydrate, the

hydration state prior to heating using the TGA is given by Y below:

Y =14 z Equation 52
w
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The parameter z can be calculated from:

A s 772.25 —57495mg  0.1973 g Equation 53
7 = = = = 0.01095 mol
18.0153 amu 18.0153 amu 18.0153%
mo

and w was calculated to be:

Massy; 0.57495 Equation 54
w = final - Y 262261072 quation
MOlaT MaSSNaZB407.1(H20) 219228i
mol
Hence:
v=1+ 0.01095 & 1752 Equation 55
- 2.6226 x 10~3

The initial hydration level was determined to be 5.5. This is in agreement with the hypothesis
made earlier of Pentahydrate due to the insignificant mass change at 61 °C. It is physically not
possible to have a hydration state of 5.1752 (or 5.1752 H,O). Rather, what this means is that a large
portion of borax constituent is at a hydration state of 5 while some of the constituent is of a higher

state of hydration.

0.2.2.2  Density

The densities of the varied concentrations of borax solutions are shown in Figure 36.
Concentrations of 1%, 3%, 4%, and 5% solutions are plotted relative to their densities. As can be
seen in Figure 306, density as a function of concentration increases with increasing concentration.
The blue and the magenta-colored data points in Figure 36 are the datapoints associated with the
original 3% (test case identifier D-2B-I), as well as the second batch of 3% borax solutions (test case

identifier D-2B-II), respectively.
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Figure 36: Averaged Densities of the 1 arious Borax Concentrations. Measurements of water is displayed for baseline

purposes. Uncertainty for water measurements is not displayed.
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The datapoints in Figure 36 are tabulated in Table 12:

Table 12: Tabulated values - V'iscosity as a Function of Concentration; Borax Solution

Concentration, %% ;| Density, p %); +0.02 Density, p (1%); +0.02 Test Case Identifier
Borax Experiment: Batch #1 | Experiment: Repeat Batch | (8 Per Table 7)

! 0.99 N/A D2A1

3 1.01 1.00 D-2B-I; D-2B-IT

4 1.02 N/A D2CI

> 1.02 N/A D2D1

Density increases in a logarithmic fashion, as depicted in Figure 36, plateauing at a

concentration of 5 w/v%. This plateauing can be attributed to having reached the solubility limit,

resulting in borax existing in solid form and settling at the bottom of the solution. This was

observed in Figure 37. Beyond the point of saturation, any further addition of borax will only result

in further precipitation. Therefore, the density of borax beyond 5 w/v% was not obtained.

A trendline of a natural logarithmic form, with an equation of y = 0.998+0.013*In(x), with

an R? value of 0.95 was found to best fit the data depicted in Figure 36; The 5 w/v% solubility limit

[98] is indicated, not only by the precipitation observed in Figure 37, but also by the logarithmic

behaviour of the density — concentration relationship.
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Figure 37: Borax Solution 5 w/v%; Precipitation Observed.

6.2.2.3  Viscosity

Viscosities of varied concentrations of borax were measured using the viscometer. The
average of the viscosity — time data for each of the borax solutions identified in Table 7 were then
determined, based on the methods described in section 5.2.11. The averaged viscosity as a function
of concentration, was plotted (Figure 38). Viscosity was observed to exponentially increase with
concentration, with 4 w/v% having a higher viscosity than 1 w/v% and 5 w/v% having a higher

viscosity than 1 and 4 w/v%.

The blue datapoint in Figure 38 is the 3 w/v% outlier with a higher viscosity attributable to
beaker centering related errors. Due to the error in dynamic viscosity of the 3% borax solution and
because the original solution was discarded, a new batch was manufactured. The density and
dynamic viscosity of this solution is indicated in magenta in Figure 36 and Figure 38. The density of

this 3 w/v% solution follows the logarithmic trend in Figure 36, without deviation.

The averaged viscosities of the various concentrations of borax solutions, depicted in Figure
38, ate tabulated in Table 13. The viscosity increased from 0.99 cP at a concentration of 1 w/v% to

a viscosity of 1.07 cP at a concentration of 5 w/v%.
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Table 13: Tabulated values - Viscosity as a Function of Concentration; Borax: Solution
Concentration, Yoy ;| Viscosity (cP); Viscosity (cP) Experiment: | Test Case Identifier
Borax 0 Experiment: Batch #1 Repeat Batch (As per Table 7)
1 0.99 £ 0.002 N/A V-2A-1
3 1.07 + 0.002 1.01 = 0.002 V-2B-1; V-2B-II
4 1.04 £ 0.002 N/A V-2C-1
5 1.07 £ 0.003 N/A V-2D-1

The averaged viscosity of the 3 w/v% borax solution has a viscosity higher than that of the 4

w/v% and 5 w/v% solutions; this datapoint was deemed an outlier due to errors associated with

centering the container of the solution relative to the spindle, as discussed in section 6.1. Removing

the outliers in the datasets, and combining viscosity observations from both batches, the viscosity

trendline depicted within Figure 38 was developed. A power law based trendline, with an equation

of:y = 0.99 + 1.25 * 1073 x (x%°°) and R? value of 0.99 was used to describe the viscosity of

borax solution as a function of increasing concentration.
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Figure 38: Averaged Dynamic Viscosity of 1 aried Borax Concentrations; With 3% outlier (bine datapoint) and repeat

datapoint.
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6.2.2.4 7% Borax Solution

The solubility limit of borax was reported to be 5 w/v% [98]. This was consistent with the
precipitation that was observed after manufacturing a 5 w/v% borax solution (Figure 37) and
further validated after manufacturing a 7% borax solution (test case identifier SL-1, as per Table 8)

as depicted in Figure 39.

After adding 500 mL of RO water to 35g of borax (equivalent to 7 w/v%), the solution was
then heated to approximately 333.15 °K, while being stirred. After approximately 30 mins of heating
and stirring, a clear solution was obtained. However, as the solution was allowed to cool it became
super saturated, as observed in Figure 40. The warm clear solution was then placed in a cold bath to
bring the temperature back down to ambient room temperature (approximately 24 °C) resulting in

the formation of precipitation (as labelled within Figure 40)

Figure 39: 7% Borax Solution @, Approximately 60 °C Figure 40: Post Cold Bath; Approxcimately 24 *C
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6225 pH

The pH for various concentrations of borax solutions were recorded and were found to be

alkaline in nature and tabulated in Table 14:

Table 14: pH of various concentrations of Borax: solutions at ambient temperatures

Concentration (%) pH (£ 0.01) Temperature (+ 1 °C) Test Case Identifier
(As per Table 8)

1 9.00 20.8 pH-1A-I

3 9.03 213 pH-1B-1I

5 9.05 213 pH-1C-1

The pH remained the same across the various borax concentrations at an alkaline pH of
approximately 9 (£ 0.01). The results from Table 14, depicted within Figure 41 is verified using
literature which states that borax in aqueous form, where boric acid and B(OH)j exist in

equilibrium the overall pH of the environment is approximately 9.13 [141].
10

9.5

pH

8.5

® Borax

0 1 2 3 4 5 6
Concentration (w/v%)

Figure 41: Plot of pH as a function of borax solution concentration; Includes 0 w/ v% Concentration, equivalent to RO Water
PH.
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6.2.3 Fructose Solution

6.2.3.1 Density

The densities of the various fructose solutions have been plotted, relative to their
concentration, in Figure 42. Density as a function of concentration was found to increase with
increasing concentration. A linear trendline with an equation of y = 0.003x + 0.99, and an R?
value of 0.95 was found to best fit the data depicted in Figure 42. The densities of the various

concentrations of Fructose solutions, depicted in Figure 42, are tabulated in Table 15.
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Figure 42: Averaged Densities of the |V arious Fructose Concentrations

Table 15: Tabulated values — Density as a Function of Concentration; Fructose Solution — batch #1 and repeat batch.

Concentration, %% ; Fructose Density, p ("ld), +0.02 Test Case Identifier; Repeat Test
Batch #1; Repeat Batch Case Identifier
(As per Table 7)

3.6 1.00 D-3A-1

6.6 1.016 D-3B-1

10.6 1.034; 1.035 D-3C-I; D-3C-11

13.6 1.035; 1.042 D-3D-I; D-3D-I1

14.6 1.040; 1.045 D-3E-I; D-3E-II

16.6 1.054 D-3F-1
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6.2.3.2 Viscosity

Viscosities of various fructose solutions were obtained from the viscometer. The average of
the viscosity — time data for each of the concentrations of Fructose solutions were then determined,

based on the methods described in section 5.2.11.

Averaged viscosity as a function of concentration, was plotted, as per Figure 43). As
expected, the viscosity of fructose increases with concentration [142]. A power law function was
found to best fit this increasing behaviour, as observed in Figure 43. The viscosity of the 13.6 w/v%
solution of the first dataset (test case identifier: V-3D-I) and the viscosity of the 14.6 w/v% solution
of the repeat dataset (test case identifier: V-3E-II) relative to the other averaged viscosities do not
follow the power law trend. Referring to Figure 42 these outliers can be attributed to viscosity alone
as it can be seen that the density of the repeat D-3D-II solution is in between the densities of 10.6
w/v% and 14.6 w/v% solutions, and follows the trend of increasing density as a function of
increasing concentration. Inadequate centring of the container of the solution relative to the spindle

may be one reason for this outlier, as discussed in section 6.1.
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Figure 43: Averaged Dynamic Viscosity of 1V aried Fructose Concentrations; With 3% outlier (blue datapoint) and repeat

datapoint.
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The averaged viscosities of the various concentrations of Fructose solutions, depicted in

Figure 43, are tabulated in Table 16:

Table 16: Tabulated values - Viscosity as a Function of Concentration; Fructose Solution — batch #1

. w
Concentration, > % ; Fructose

Viscosity (cP) Experiment: Batch
#1; Repeat Batch

Test Case Identifier; Repeat Test

Case Identifier

+ 0.05 (As per Table 7)
3.6 0.98 V-3A-1
0.6 1.02 V-3B-1
10.6 1.08; 1.06 V-3C-I; V-3C-11
13.6 1.18:1.12 V-3D-I; V-3D-II
14.6 1.15;1.195 V-3E-I; V-3E-11
16.6 1.2 V-3F-1

As tabulated above, the viscosity increased from 0.98 cP at a concentration of 3.6 w/v% to a

viscosity of 1.2 cP at a concentration of 16.6 w/v%. Removing the outliers in the datasets, and

combining viscosity observations from both batches, the viscosity trendline depicted in Figure 43

was developed.

A power law based trendline, with an equation of: y = 0.97 + 1.93 % 1073 x (x1¢?) and R?

value of 0.99 was used to describe the correlation of the viscosity of Fructose solution as a function

of increasing concentration.

6233 pH

The pH for the various concentrations of fructose solutions were recorded. The pH for all

concentrations of fructose solutions were found to be close to neutral and are tabulated in Table 17.
Although there was a slight change in pH from a pH of 7.57 at a Fructose concentration of 3.6 wt%o
to a pH of 7.12 at a fructose concentration of 16.6 wt%, the change in pH is within the uncertainty
of the instrument and is negligible. Plotting the data from Table 17, Figure 41 was produced. A

decreasing trend of pH as a function of concentration can be observed.
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Table 17: pH of varions concentrations of Fructose solutions at ambient temperatures

Concentration (w/v%)

Concentration (%) pH (£ 0.01) Temperature (£ 1 °C) Test Case Identifier
(As per Table 8)

3.6 7.57 20.8 pH-2A-1
0.6 7.19 22.4 pH-2B-1
10.6 7.18 21.8 pH-2C-1
14.6 7.17 22 pH-2D-1
16.6 7.15 21.8 pH-2E-1
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7.1 ¢ ¢ ©
6.9
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Figure 44: Plot of pH as a Function of increasing concentration of Fructose Solutions; Includes 0 w/ v% Concentration,

equivalent to RO Water pH.
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6.2.4 Borax-Fructose Solution

6.2.4.1 Density

The densities of the various borax solutions, with a constant concentration of fructose of
13.6 W/v% are depicted in Figure 45 where it can be seen that density increases with increasing
concentration. The datapoints indicated in black are of the RO water used for the manufacturing of
the solutions. It must be noted that 0 w/v% borax-fructose is simply 13.6 w/v% fructose solution
alone, without the addition of any borax. Hence, the density and density delta measurement of the 0
w/v% borax-fructose solution in Figure 45 ate equivalent to the measurements of 13.6 w/v%
Fructose (test case identifier: D-3D-II), in Figure 42 of section 6.2.3.1. A trendline of exponential
form, with an equation of y = 1.04 * 00045 nd an R? value of 0.98 was found to best fit the

data.
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Figure 45: Averaged Densities of the 1 arions Borax-fructose Solution Concentrations; Constant Fructose Concentration of

13.6 w/ 1%
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The densities of the various concentrations of Fructose solutions, depicted in Figure 42, are

tabulated in Table 18:

Table 18: Tabulated values — Density as a Function of Concentration; Fructose Solution — batch #1 and repeat batch.

. w
Concentration, > % ; Fructose

Density, p (20); & 0.02

Test Case Identifier; Repeat Test

Case Identifier

(As per Table 7)
0 1.04 V-4A
2 1.053 V-4B
4 1.059 V-4C
7 1.071 V-4D
10 1.093 V-4E
12 1.097 V-4A

6.2.4.2  Viscosity

Viscosities of borax-fructose solutions were obtained from the viscometer averaged viscosity

as a function of concentration was plotted in Figure 46. The viscosity exponentially increases with

concentration in Figure 46. The concentration of fructose remained constant at 13.6 w/v% in all the

borax-fructose solutions. The viscosity of the 0 w/v% borax-fructose solution is equivalent to the

viscosity of the 13.6 w/v% fructose solution (test case identifier: V-3D-II). The averaged viscosities

of the various concentrations of borax-fructose solutions, depicted in Figure 46, are tabulated in

Table 19:

Table 19: Tabulated values - V'iscosity as a Function of Concentration; Borax-fructose Solution

Concentration, % ; Viscosity (cP) | Test Case Identifier
Borax-fructose Solution | = 0002 (As per Table 7)

2 117 VoaA

4 120 V4B

7 132 V-aC

10 143 V-4D

12 150 V4R
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The averaged viscosity increased from 1.17 cP at a borax concentration of 2 w/v% to a
viscosity of 1.5 cP at a borax concentration of 12 w/v%. Based on the results in Table 19, the
viscosity trendline in Figure 46 was developed. A power law based trendline, with an equation of:
y = 0.01 % e%*5* and R? value of 0.99 was found to best fit the data and was used to describe

borax-fructose solutions as a function of increasing borax concentration.
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Figure 46: Averaged Viscosities of the 1 arious Borax-fructose Solution Concentrations; Constant Fructose Concentration of

13.6 w/v%
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6243 pH

The pH for the various concentrations of borax-fructose solutions were recorded. pH
increased as a function of increasing borax concentration (while fructose concentration remained at

a constant 13.6 w/v% for all solutions), as tabulated in Table 20:

Table 20: pH of varied concentrations of Borax: of Borax-fructose concentrations

Concentration pH (£ 0.01) Temperature (£ 1 °C) Test Case Identifier
(w/v%) (As per Table 8)

0 7.17 N/A Interpolated from Table 17
2 4.55 20.9 pH-3A

4 5.23 22 pH-3B

7 5.78 215 pH-3C

10 7.23 222 pH-3D

The pH changed from being slightly alkaline at 0 w/v% borax concentration to a slightly acidic pH
of 4.55 at a borax concentration of 2 wt%, (Table 20), and finally slightly alkaline, at a pH of 7.23
and a borax concentration of 10 wt%, as per Table 20. Plotting the data from Table 20, Figure 47
was produced. The results from Table 20 and Figure 47 shows the initial acidification and then the

return to a relatively neutral environment. This trend is discussed in section 7.1.1.
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Figure 47: Plot of pH as a Function of increasing concentration of Borax-fructose Solutions; Includes 0 w/ v% Concentration,

equivalent to Fructose 13.6 w/v% pH.
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6.2.5 PVA Solution

6.2.5.1 Density

The densities of PVA solutions are plotted in Figure 48. It can be seen that density increases
with increasing concentration. It must be noted that no functional trendline within error can be used
to fit the data in Figure 48. The densities of the various concentrations of PVA solutions are

tabulated in Table 21.
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Figure 48: Averaged Densities of the 1 arious P1"A Concentrations

Table 21: Tabulated values - Density as a Function of Concentration; P1"A Solution

Concentration, % ;| Density, p (1‘31); Test Case Identifier
PVA Solution +0.02 (As per Table 10)
1.58 0.988 DA

2.37 0.994 D-5B

3.36 0.994 D-5C

4.35 1.00 DED
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6.2.5.2 Viscosity

The viscosity of PVA solutions at room temperature (295.65 °K *£ 2.5) using an LCP spindle
and a beaker with a diameter = 83 mm. The averaged viscosity in Figure 49 was observed to increase

with concentration. The viscosities of the 1.58, 2.37 and 3.36 g/dL solutions wete obtained at an

RPM of 100 and a shear rate of 122.3 % The viscosity of the 4.35 g/dL solution (test case identifier:

V-5D) was obtained at an RPM of 60 and a shear rate of 73.38 i

The averaged viscosities of the various concentrations of PVA solutions are tabulated in

Table 22:

Table 22: Tabulated values - 1iscosity as a Function of Concentration; Pl A Solution

Concentration, % .| Viscosity (cP) Test Case Identifier
PVA Solution (As per Table 10)
1.58 1.84 £ 0.06 V-5A

2.37 2.80 £ 0.09 V-5B

3.36 5.02 £ 0.23 V-5C

4.35 8.72 £ 0.63 V-5D

The viscosity increased from 1.84 cP at a concentration of 1.58 g/dL to a viscosity of 8.72 cP at a
concentration of 4.35 g/dL. Based on the results in Table 22, the viscosity trendline was developed.
A power law based trendline, with an equation of: y = 1.36 + 0.14 * (x*7) and R? value of 0.99
was used to describe the correlation of the viscosity of borax-fructose solutions as a function of

increasing borax concentration.
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Figure 49: Depiction of the viscosities of the varied concentrations of P17 A solutions manufactured; specifically, 1.58, 2.37,
3.36, and 4.35 g/ dL solutions. The apparent viscosities for varied solutions were obtained using the same RPM of 100.
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6.2.5.2.1 Non-Newtonian Behaviour

PVA solutions of concentrations up to 1.5 g/dL are expected to have Newtonian behaviour
[143]; at concentrations greater than 1.5 g/dL, however, the fluid is expected to demonstrate non-
Newtonian behaviour, with authors observing non-Newtonian behaviour for a 10 g/dL PVA
solution [144]. This behaviour was verified by observing viscosity as a function of changing shear
rate. The viscosity of a 1.58 g/dL PVA solution (test case identifier: NN-1A in Table 8) was
measured at 100, 60, 50 and 30 RPM, equivalent to shear rates (Equation 31) of 122.3, 73.38, 61.5

and 36.69 % respectively. In Figure 50, viscosity decreases from 1.71 cP at an RPM of 30 (shear rate

of 36.69 i) to 1.68 cP at an increased RPM of 100 (shear rate of 122.3 %)

The viscosity of 3.36 g/dL PVA solution (test case identifier: NN-1B, in Table 8) was
observed at 30, 20, 12, 10 and 6 RPM, which translates into shear rates of 36.69, 24.46, 14.68, 12.23

and 7.34 ;respectlvely. The resulting apparent viscosities are depicted in Figure 51. The viscosity
decreases from 4.6 cP at 6 RPM (shear rate of 7.34 %) to 4.39 cP at an increased RPM of 30 (shear

rate of 36.69 ).
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Figure 50: Plot of viscosity as a function of shear rate; P\ A solution of concentration 1.58 g/ dL

103



Results

4.75
4.7
4.65
4.6 '3 u

4.55

45 - Y 3
T ® Conc:3.36g/dL

4.45

Viscosity (cP)

- Tl T e Log. (Conc: 3.36 g/dL)

4.4 ®

4.35

4.3 -

4.25
0 5 10 15 20 25 30 35 40

Shear Rate (1/s)

Figure 51: Plot of viscosity as a function of shear rate; P17 A solution of concentration 3.36 g/ dl.
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Figure 52: Plot of viscosity as a function of shear rate; P17 A solution of concentration 4.35 g/ dL.
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The viscosity of 4.35 g/dL. PVA solution (test case identifier: NN-1C in Table 8) was
measured 12, 6, and 3 RPM, equivalent to shear rates of 14.68, 7.34, and 3.67 % respectively. The
viscosities seen in Figure 52 decreases from 8.06 cP, (measured at 3 RPM, equivalent to a shear rate

of 3.67 s-1) to 7.75 cP at an (measured at 12 RPM, equivalent to a shear rate of 14.67 %)

From Figure 50, Figure 51 and Figure 52, the change in viscosity for different concentrations
of PVA solutions decreased as a function of increasing shear rate. This behaviour is indicative of
shear-thinning behaviour [144]. Given that PVA solution demonstrates non-Newtonian shear-
thinning behaviour, refencing of viscosities of PVA solutions above 1.5 g/dL must be accompanied
by the associated shear rate used to obtain the respective viscosity; as the viscosity of non-

Newtonian fluids are shear rate dependent.

6.2.5.2.2  Thermal Hysteresis Experiments

One of the primary environmental characteristics that can change the viscosity of fluids is
temperature. Specific to polymers, as is the case with PVA, temperature dependent include storage
modulus, loss modulus [87], damping coefficients and onsetting of glass transition [145]. This results
in changes to viscosity [146]. According to literature, glass transition setpoints for PVA were
observed at temperatures of 51, 63, and 75 °C [133]. In order to characterize viscosity as a function
of temperature, obsetve any glass transition setpoints, as well as observe any time and/or
temperature dependent viscosity changing effects, hysteresis temperature experiments were
petformed. Temperature hysteresis cycling were performed on 1.58, 3.36, and 4.35 g/dL. PVA

solutions.

The 1.58 g/dL PVA solution, temperature hysteresis cycling was petrformed at various
maximum temperature setpoints. Maximum temperature cycling to 45, 60 and 75 °C were
performed at an RPM of 100 and a shear rate 122.3 § For the maximum temperature setpoint of 45

°C, viscosity of the 1.58 g/dL. PVA solution was observed from a starting temperatutre of 30 °C, up
to 45 °C and back to 30 °C (test case identifier: TH-1 from Table 9.
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An intermediary setpoint of 40 °C was included, and the temperature and viscosity
measurement for this dataset was not continuous. Data was observed from 30 °C to 40 °C and then
measurements were interrupted and a new measurement for the 40 °C steady state point was
obtained. Similarly, measurements were obtained for 40 °C to 45 °C and the 45 °C steady state point.
A measurement was also obtained once the temperature was decreased back to 30 °C. The averaged
dynamic viscosity at the steady state temperatures are in Figure 53. It can be observed that viscosity
remains within the absolute uncertainty when comparing the viscosity at 30 °C pre and post cycling,
up to the maximum of 45 °C. The viscosities depicted in Figure 53 ate tabulated in Table 23.
Furthermore, it must be noted that condensation was observed on the underside of the low sample

container, as depicted in Figure 54.
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Figure 53: 1.58 g/ dL. Thermal Hysteresis Excperiment: Maxcinum Temperature Setpoint: 45 +C. Viscosity converted into

beaker equivalent using correction Jactor from method described in section 5.2.11
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Table 23: Viscosities of 1.58 g/ dL. Thermal Hysteresis Experiment: Maximum Temperature Setpoint: 45 °C

Temperature (°C)

Viscosity (cP) — Increasing.
+0.05

Viscosity (cP) — Decreasing.
+0.05

30 1.63 1.64
40 1.42 N/A
45 1.35 N/A

Figure 54: Condensation on the under side of the LSC lid after thermal hysteresis ¢ycling - Max Temp Setpoint = 45 °C,

Tncremental

For the maximum hysteresis temperature of 60 °C, the viscosity of the 1.58 g/dL was

measured from 30 °C up to 60 °C and back to 30 °C. Three observations, two of which were

incremental (TH-2A, and TH-2B from per Table 9) and one of which were non incremental (TH-2C

from Table 9), were performed. With regards to the first incremental thermal hysteresis experiment,

besides the initial temperature setpoint of 30 °C and the maximum setpoint of 60 °C, three other

intermediary setpoints were observed; specifically, temperature setpoints of 40 °C, 45 °C, and 50 °C,
wherein 9 separate observations of increasing temperature, 4 transient and 5 steady state, as well as 8

separate observations of decreasing temperature, 4 transient and 4 at steady state were performed.
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The total time taken for the experiment including all transient and steady state observations

was 373 = 1 min. The averaged dynamic viscosity at the steady state temperatures are in Figure 55

and tabulated in Table 24, where the viscosity for both increasing and decreasing temperatures

remain within the absolute uncertainty.

Table 24: 1.58 g/ dL. Thermal Hysteresis Excperiment: Maximum Temperature Setpoint: 60 °C Incremental #1. VViscosities
tabulated include increasing and decreasing from 60 °C, as well as after cooldown to room temperature.

Temperature (°C) Viscosity (cP) — Viscosity (cP) — Viscosity (cP) —
Increasing. Decreasing,. Increasing.
0.05 0.05 After Cooldown

+ 0.05

30 1.64 1.70 1.69

40 1.44 1.47 1.47

45 1.36 1.38 N/A

50 1.29 1.30 N/A

60 1.19 1.19 N/A

Viscosity, u (cP)

30 iz

—— Fitted function - Increasing
Fitted function - Decreasing
B Tmperature: Increasing

50 55
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Al Tmperaturs: Increasing (Post Cooldown)

Figure 55: 1.58 g/ dl. Thermal Hysteresis Excperiment: Maxcimum Temperature Setpoint: 60 °C Incremental #1.

Viscosity converted into beaker equivalent using correction factor from method described in section 5.2.11
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The mass of the sample was also observed to be 15.90 and 15.40 + 0.01 g before and after
temperature cycling respectively, equivalent to a mass difference of 0.5 * 0.25 g. The large
uncertainty of this mass difference (in addition to instrumental uncertainty) is attributed to wetting
of the inner walls of the LSC and the spindle. In order to observe any lingering hysteresis effects
induced via the thermal cycling, the viscosity of the solution was observed after approximately 17.67
+-0.02 h of storage at room temperature conditions (test case identifier: TH-2A-II, as per Table 9)
of approximately 24.5 1 °C; the results of the averaged dynamic viscosity after cooldown at steady

state temperatures are tabulated in Table 24.

The second incremental thermal hysteresis experiment, TH-2B, was measured with
intermediary setpoints of 40, 45 and 50 °C, in addition to the initial and final setpoints of 30 °C and
60 °C. However, unlike the first incremental thermal hysteresis experiment, transient and steady
state temperature and viscosity were combined in one observation, with 5 observations of increasing
temperature and 4 observations of decreasing temperature. The total time taken for the experiment
was approximately 381 = 1 min. The mass of the sample was measured, both before and after
temperature cycling, and tabulated in Table 25. The averaged dynamic viscosity at the steady state
temperatures are in Figure 56 and tabulated in Table 26, where it can be observed that the viscosity

remains within the absolute uncertainty.

Table 25: Mass of 1.58 g/ dL. PV"A Sol sample pre vs post thermal hysteresis cycling - Maxc Temp Setpoint = 60 °C,

Increment #2

Observation Type: Mass (£ 0.01 g)
Pre-Thermal Hysteresis Cycling 20.17
Post-Thermal Hysteresis Cycling 19.87

A mass difference of 0.294 +- 0.25 g was observed from Table 25. The uncertainty (in addition to

instrumental uncertainty) is attributed to wetting of the inner walls of the LSC and the spindle.

To minimize evaporative effects, the LSC of experiment TH-2B was lidded (using the lid
provided by the manufacturer) and shimmed (a shim was placed on top of the lid to further reduce
evaporation. The shim is necessary as the lid has a cut-out open to atmosphere so that it does not
interfere with the spindle attached to the viscometer as seen in Figure 57. This resulted in the
reduction of evaporated mass when comparing the first incremental dataset to the second; detailed

in Chapter 7.
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Table 26: 1.58 g/ dL. Thermal Hysteresis Excperiment: Maxcinum Temperature Setpoint: 60 °C Incremental #2. 1 iscosities
tabulated include increasing and decreasing from 60 °C, as well as after cooldown to room temperature.

Temperature (°C) Viscosity (cP) — Viscosity (cP) —
Increasing. Decreasing,.
+0.05 +0.05

30 1.65 1.66

40 1.43 1.44

45 1.34 1.35

50 1.27 1.28

60 1.1 N/A

- I
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Figure 56: 1.58 g/ dl. Thermal Hysteresis Excperiment: Mascimum Temperature Setpoint: 60 °C Incremental #2.

Viscosity converted into beaker equivalent using correction factor from method described in section 5.2.11
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LSC'Lid

Figure 57: LSC lidded and shinmed to minimize evaporation; pre thermal hysteresis cycling - Max Temp = 60 °C,

Tncrement #2

The non-incremental observation, TH-2C, with a maximum temperature of 60 °C was
performed with the LSC lidded and shimmed to minimize evaporation. The total time taken for the
experiment, including increasing to maximum temperature setpoint and decreasing temperature back

to room temperature, was 141 = 1 min.

The averaged dynamic viscosity at the steady state temperatures, and the mass of the sample,
before and after temperature cycling are tabulated in Table 27. It can be observed that the viscosity

remains within the uncertainty.

Table 27: Mass of 1.58 g/ dL. P1/A Sol sample pre thermal hysteresis cycling - Max Temp Setpoint = 60 °C, Non-

Incremental
Observation Type: Mass (£ 0.01 g) Viscosity (cP) £ 0.05
Pre-Thermal Hysteresis Cycling | 18.09 1.64
Post-Thermal Hysteresis Cycling | 17.71 1.61
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A mass difference of 0.37 £ 0.25 g was measured (Table 27) above; the uncertainty of which
(in addition to instrumental uncertainty) is attributed to wetting of the inner walls of the LSC and

the spindle.

For the maximum temperature of 75 °C, a viscosity of the 1.58 g/dL PVA solution was
measured from 30 °C up to 75 °C and back to 75 oC. Two measurements performed were
incremental and one was non incremental (TH-3A, TH-3B and TH-3C from Table 9). With regards
to the first incremental thermal hysteresis experiment, TH-3A, besides the initial temperature
setpoint of 30 °C and the maximum setpoint of 75 °C, seven intermediary setpoints of increasing

temperature and five intermediary setpoints of decreasing temperature were observed.

Specifically, increasing temperature setpoints of 35, 40, 45, 50, 55, 60, and 65 °C, and
decreasing temperature setpoints of 65, 60, 50, 45 and 40 °C, where 17 measurements of increasing
temperature, 8 transient and 9 steady state, as well as 12 separate measurements of decreasing
temperature, 6 transient and 6 at steady state were performed. The steady state dynamic viscosities
increasing and decreasing from a maximum of 75 °C, as well as viscosities after cooldown to room
temperature are tabulated in Table 28 and depicted in Figure 58.

Table 28: 1.58 g/ dL. Thermal Hysteresis Experiment: Maximum Temperature Setpoint: 75 °C Incremental #1. VViscosities
tabulated include increasing and decreasing from 75 °C, as well as after cooldown to room temperature.

Temperature (°C) Viscosity (cP) — | Viscosity (cP) — | Viscosity (cP) — Viscosity (cP) —
Increasing. Decreasing. Increasing. Decreasing,.
+0.05 +0.05 After Cooldown | After Cooldown

+0.05 +0.05

30 1.66 1.79 1.60 1.66

35 1.54 N/A N/A N/A

40 1.45 1.54 N/A N/A

45 1.38 1.45 1.35 1.3

50 1.31 1.37 N/A N/A

55 1.26 N/A N/A N/A

60 1.22 1.25 N/A N/A

65 1.18 1.20 N/A N/A

75 1.11 N/A 1.07 N/A
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Figure 58: 1.58 g/ dL. Thermal Hysteresis Excperiment: Maximum Temperature Setpoint: 75 °C, Increment #1. Comparison
of viscosities before and after water addition. 1 iscosity converted into beaker equivalent using correction factor from method

described in section 5.2.11

The total time taken for the experiment including all transient and steady state observations,
was 660 min * 1 min. From Figure 58 it can be seen that the averaged dynamic viscosity at 30 °C

after temperature cycling is higher when compared to before. This is due to evaporation, as can be

seen in Table 29.

Table 29: Mass of 1.58 g/ dL. P17A Sol sample pre vs post thermal hysteresis cycling - Max Temp = 75 °C, Increment #1

Observation Type: Mass (£ 0.01 g)
Pre-Thermal Hysteresis Cycling 17.76
Post-Thermal Hysteresis Cycling 15.53

A mass difference of 2.23  0.25 g (Table 29) was calculated. The uncertainty (in addition to
instrumental uncertainty) is attributed to wetting of the inner walls of the LSC and the spindle. This
mass of water lost to evaporation was replaced dropwise into the LSC to 17.67 * 0.01g and the

viscosity at steady state setpoints at 30, 45 and 75 °C are measured as seen in Figure 58.
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The averaged dynamic viscosities of steady state temperatures after the addition of water (the
green datapoints with the grey and black uncertainty bars in Figure 58) returns within the absolute
error bounds of viscosity before incremental thermal cycling. Comparing the viscosity before and
after cycling up to 75 °C, after the addition of water, the viscosity remains within the absolute

uncertainty.

The second incremental thermal hysteresis experiment with a maximum temperature
setpoint of 75 °C was performed between the temperature of 30 °C and the maximum of 75 °C,
with four intermediary temperatures. Specifically, 45 °C, 50 °C, and 60 °C measurements of
increasing temperature, and 4 measurements of decreasing temperature were performed, and
transient and steady state temperatures were observed together. The steady state viscosities are
depicted in Figure 59 and tabulated in Table 30. The total time taken for the experiment including all
transient, steady state and additional observations was 615 = 1 min.

Table 30: 1.58 g/ dL. Thermal Hysteresis Excperiment: Mascimum Temperature Setpoint: 75 °C Incremental #2. 1 iscosities
tabulated include increasing and decreasing from 75 °C, as well as after cooldown to room temperature.

Temperature (°C) Viscosity (cP) — Viscosity (cP) —
Increasing. Decreasing,
+0.05 +0.05

30 1.65 1.69

45 1.37 1.39

50 1.30 1.31

60 1.18 1.19

75 1.08 N/A

The averaged dynamic viscosity at the steady state temperatures in Figure 59 show that the
viscosity remains within the absolute uncertainty when comparing the viscosity of the second
incremental experiment at 30 °C, before and after temperature cycling up to of 75 °C. It should be
noted that the LSC was lidded and shimmed to minimize evaporative effects. The mass before and

after temperature cycling of the second incremental experiment was tabulated in Table 31. A mass

difference of 0.59 * 0.25 g was observed.
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Figure 59: 1.58 g/ dL. Thermal Hysteresis Excperiment: Maximum Temperature Setpoint: 75 °C, Increment #2. Comparison

of Incremental 1 versus Incremental 2 viscosities.

Table 31: Mass of 1.58 g/ dL. P1"A Sol sample pre vs post thermal hysteresis cycling - Max Temp Setpoint = 75 °C,

Tncrement #2
Observation Type: Mass (£ 0.01 g)
Pre-Thermal Hysteresis Cycling 19.81
Post-Thermal Hysteresis Cycling 19.23
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The third and final thermal hysteresis experiment at the maximum temperature setpoint of
75 °C, TH-3C, was non-incremental (and hence no intermediary temperature setpoints) and was
both lidded and shimmed to minimize evaporation. The total time taken for the experiment,
including increasing to maximum temperature setpoint and decreasing temperature back to room
temperature, was 121.2 + 1 min. Due to the non-incremental nature of this experiment, no steady

state intermediary observations were available.

Although no intermediary setpoints are available, the mass and the viscosity at 25 °C, before
and after temperature cycling up to 75 °C was measured and tabulated in Table 32. A mass
difference of 0.26 +- 0.25 g was observed. The uncertainty of which (in addition to instrumental

uncertainty) is attributed to wetting of the inner walls of the LSC and the spindle.

Table 32: Mass of 1.58 g/ dL. P17A Sol sample pre vs post thermal hysteresis cycling — Max Temp Setpoint = 75 °C, Non-

Tncremental
Observation Type: Mass (£ 0.01 g) | Viscosity (£ 0.05 cP)
at 25°C
Before Thermal Hysteresis 17.04 1.77
Cycling
After Thermal Hysteresis Cycling | 16.78 1.84
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6.2.5.3 Evaporation Rate

6.2.5.3.1  Experiment 1

In experiment #1, (test case identifier: EV-1A from Table 9) 60.22 g or 60 mL, of 0.16 wt%
PVA solution was obtained for evaporation. Evaporation was performed by suctioning air through a
bubbler column - pump type setup (detailed in section 5.2.9) for a total of 95.38 hrs, at an
approximate flowrate of 0.1 litres per min. This resulted in the complete evaporation of water

content and solidification of the remaining PVA. This was not the desired outcome.

6.2.5.3.2  Experiment 2

In this experiment (EV-1B-I, from Table 9), 50 mL or 49.3 g of 0.16 wt% PVA solution was
evaporated over a total of 24 h at an approximate flowrate of 0.1 Ipm. After 24 hrs, the mass was
measured again and found to be 43.73 g with the total mass lost to evaporation being 5.57 g. It was
expected more water would have been evaporated over 24 hrs but due to the low flowrate this was

not the case. Based on the mass lost to evaporation and the flowrate, the rate of evaporation was

calculated to be 0.23 g/hr.

Hence, bubbling was restarted to allow for more solution to evaporate, to measure a change
in characteristics, if any exists, after evaporation and water addition. Bubbling was run for a period
of 5 hrs at a flow rate of 0.5 lpm (EV-1B-II from Table 9). This mass decreased to 41.4 g, so the
evaporation rate of 0.47 g/hr, and the combined total loss of 7.91 g of water. After the evaporation
of 7.91 g, water was added to return the mass of the solution to the 49.3 g, prior to evaporation.
After thorough mixing, a portion of the contents were poured into the small sample container of the

viscometet, and the viscosity was measured and compared to the viscosity of the 0.16 wt% solution.

The averaged dynamic viscosity after evaporation was found to be 1.63 cP, compared to the
averaged dynamic viscosity pre-evaporation, determined to be 1.625 cP. These two viscosities are
within the error and hence the same. The viscosity of the solution after evaporation but before the

addition of water was not measured.
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6.2.5.3.3  Experiment 3

In order to observe the viscosity after evaporation, but before water was added, this
experiment (EV-1C from Table 9) was conducted. In this experiment, 54.6 g of 0.16 wt% PVA
solution was evaporated over a total of 21.03 hrs, at an approximate flowrate of 0.4 — 0.5 Ipm. After
evaporation, the total mass lost to evaporation was calculated to be 9.73 g at a rate of evaporation of

0.46 g/hr. A portion of the evaporated solution was extracted for viscosity measurements.

The averaged dynamic viscosity was measured to be 1.97 cP. Comparing this viscosity to the
average viscosity of 0.16 wt% PVA solution before evaporation, measured to be 1.625 cP, viscosity
increased by 0.34 cP. Substituting the viscosity post evaporation into x, from the trendline equation
for the viscosity versus concentration plot in Figure 60, the concentration of the PVA solution, after

evaporation was calculated to be 0.017 w/w%, as per Equation 56:

ln( 1.96 ) Equation 56
g w

= 0.72465672x _, —\0.724) _ = 0.0176-= = 0.17—9

y ¢ T Tse72 FTF mL w

The data in Figure 60 was measured at room temperature (approximately 23 °C), whereas the
viscosity data for Experiments #2 and #3 was measured at 30 °C. Due to this, the calculated

concentration of 0.17 w/w% in Equation 56 must only be used as an approximate of the viscosity.
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Figure 60: PV.A Solution VViscosity as A Function of PUVA Solution Concentration
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6254 pH

The pH for concentrations of PVA solutions were found to be acidic as a function of

concentration, tabulated in Table 33:

Table 33: pH of various concentrations of P1A solutions at ambient temperatures

Concentration Concentration (g/dL;  pH (£ 0.01) Temperature (£ 1 °C) | Test Case
(w/w%) Absolute) Identifier
(As per Table
8)
24 2.4 5.37 22.5 pH-4A
34 3.4 5.39 22.4 pH-4B
44 4.4 4.53 21.8 pH-4C

From Table 33, it can be observed that the acidity of the PVA solutions increases with increasing
PVA concentration, from a pH of 5.37 at a concentration of 2.4 g/dL to a pH of 453 at a

concentration of 4.4.
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7 Discussion

The purpose of this chapter is to interpret the characterization results of the various
constituents including their effects on viscosity (the primary characteristic), as well as interpretation

of how constituents, based on characterization results, effect gels and gel types.

7.1 Constituent Impact on Viscosity

7.1.1 Borax-Fructose Solution

The results from density and viscosity characterization of varied concentrations of borax-
fructose solutions have been detailed in section 6.2.2, where, as per Figure 45 and Figure 46, an
increasing trend in density (Figure 45) and averaged viscosity (Figure 40), as a function of increasing

concentration were, respectively, observed.

Comparing the results of viscosity as a function of increasing borax concentration of borax-
fructose solutions (Figure 406), to the viscosity results of the individual constituents (before
combining), borax (Figure 38) and Fructose (Figure 43), respectively, allows for the validation of an
important phenomenon; that phenomenon being that Fructose chemically interacts with borax, as
per the theory discussed in sub-section 4.1.2. Figure 61, provides a comparison of the results of
viscosity as a function of increasing concentration of the various constituent and combined

constituent solutions:
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Dynamic Viscosity of Constituent Solutions
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Figure 61: Average Dynamic VViscosity Plot of Fructose, Borax and Borax-fructose Solutions of 1 aried Concentrations

The viscosity of mixtures cannot exceed the viscosity of the most viscous constituent. In this
case, borax is the most viscous constituent, and from Figure 61, when comparing the dynamic
viscosity of borax to that of Fructose at the same w/v% concentrations, borax is higher. The
Grunberg-Nissan and the Tamura-Kurata theoretical correlations (detailed in section 4.1.2.3 and

depicted in Figure 61) were used to validate the interaction between fructose and borax.

Comparing the experimentally determined viscosity to Grunberg-Nissan (solid orange line in
Figure 61) and the Tamura-Kurata (solid black line in Figure 61) correlations, the Tamura-Kurata
correlation is within 12% difference of the experimentally determined viscosity, whereas the
difference between the experimental and Grunberg-Nissan values are as large as 21%. The Tamura-
Kurata correlation with the 12% difference, confirms the hypothesis that fructose does in fact
complex with the borax. Specifically, since the resulting theoretically predicted viscosity is much
higher than the viscosities of the individual constituents. If no interaction had occurred, the resulting
viscosities would not have exceeded the viscosity of the most viscous constituent as would have

been the case if the experimental data was in agreement with the Grunberg-Nissan correlation.

In addition to the verification through the Tamura-Kurata correlation, the borax-fructose
interaction was also verified by Xia et al, through the use of liquid chromatography and orbital mass

spectrometry analysis [114]. In this work, the interaction was validated using the pH measurements
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of the various borax-fructose solutions, relative to the individual constituents before combining. As
discussed in section 6.2.4.3, the pH of borax solutions are relatively alkaline with a pH of 9. On the
other hand, fructose solutions are neutral. When 13.6 w/v% fructose is in the presence of 2 w/v%
borax, an acidic pH of 4.55 is the result. This phenomenon was expressed in Equation 9 and
Equation 10 in sub-section 4.1.2.1 which expresses the overall protonation of the environment. This
was experimentally observable from Figure 47 in section 6.2.4.3. This observable protonation is the

by product of the borax-fructose complexation hypothesized in sub-section 4.1.2.1.

Due to this borax-fructose complexation, the multi equilibria reaction is driven further to the
right (section 4.1.2) allowing for the addition of borax beyond the solubility limit of 5 w/v% [98]. As
the concentration of borax is increased, the concentration of boric acid increases accordingly.
However, a portion of this boric acid is consumed by complexation with fructose. This results in a
relatively higher concentration of tetrahydroxyborate ions (Equation 6 from section 3.2). As the
relative concentration of tetrahydroxyborate ions increases with increasing borax concentration, the
pH is driven back to a relatively neutral environment, with a pH of 7.23 at a borax concentration of

10 w/v%.

A constant concentration of 13.6 w/v% fructose was maintained when combining
constituents, as well as when manufacturing gels. The hypothesis that increasing fructose
concentration results in the increased viscosity of gels when constituents are combined cannot be
verified. Nonetheless, the literature indicates both possibilities [74]. Specifically, when fructose
concentration is increased, complexing with borate, due to the anionic environment, results in an
increase in hydrophilicity, which then increases the interactions with the hydrophilic PVA
monomers. The monomers are capable of crosslinking [74], resulting in an increase in viscosity.
Alternatively the literature also indicates at the possibility of reaching a threshold concentration after
which fructose can compete with PVA for interactions with borate ions [74]. This results in an
increased concentration of doubly coordinated fructo-borate complexes [74] (section 4.1.2), and a

reduction in viscosity.

123



Discussion

7.1.2 PVA Solution

The results from density and viscosity characterization of varied concentrations of PVA
solutions have been detailed in section 6.2.5, where an increasing trend in density (Figure 48) and

averaged viscosity (Figure 49), as a function of increasing concentration were observed.

The increasing density and viscosity as a function of PVA concentration and based on the
borax-PVA theory discussed in section 4.1.1, a similar increase in density and viscosity when
combined with other constituents for purposes of gelation, can be expected. Furthermore, an
increase in PVA concentration allows for the presence of more 1-2 diols, which increases the
concentration of crosslinking, and in turn, as seen in the literature [147], results in the increase of

viscosity.

7.1.2.1 Thermal Hysteresis

71211 45°C

Thermal hysteresis characterization was performed using various concentrations of PVA
solution with various maximum temperatures. The purpose was to observe any glass transition
behaviour, any temperature related viscosity changes, as a result of thermal hysteresis effects. From
Table 23 and Figure 53, it can be seen that viscosity decreased as a function of increasing
temperature; and conversely, increased as a function of decreasing temperature. No dramatic
changes in viscosity were apparent after the temperature returned to the initial thermal setpoint with
the viscosity after thermal cycling within the error and, as such, viscosity does not suffer a

permanent change.
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7.1212  60°C

The second batch of experiments consisted of a maximum temperature setpoint of
60 °C. From Figure 55 and Table 24, it can be seen that viscosity decreased with increasing
temperature and increased with decreasing temperature; results of this thermal run tabulated in
Table 24, were used to develop the viscosity trendlines depicted within Figure 55. With regards to
the trendlines used to desctibe the appatrent viscosity of the 1.58 g/dL PVA solution as a function of

temperature, a number of relationships could be used.

The Arrhenius relationship describes the effect of temperature on the apparent viscosity for
Newtonian as well as constant shear rate power law fluids [148]. To describe the thermal hysteresis
trendlines of PVA solutions in this work a multi parametric model that combines the Arrhenius
relationship with additional parameters was used. The multi parametric model is described in

Equation 57 [148]:

n=A,* ]‘/n—l . e(B*c+%) Equation 57

As can be seen from Equation 57, the y variable accounts for shear rate, and the C variable accounts
for the concentration of constituent of the sample fluid. Variables 4,, B, and E,, are determined
using multiple regression analysis based on experimental viscosity and temperature data [149]. These
variables are defined under Appendix section 11.3.4, which also includes the values for some of
these variables. The variable n represents the flow behaviour index where a value of n < 1 is
indicative of shear thinning behaviour, n > 1 is indicative of shear thickening behaviour and n = 1
is indicative of Newtonian behaviour [150]. The flow behaviour index was determined by plotting

the logio(Shear Stress) vs logio(Shear Rate). The slope of the linear line of best fist is equivalent to n
[151].

The multiple regression model expressed in Equation 57, was used to develop the thermal
hysteresis trendlines of PVA solutions with maximum temperatures of 60 and 75 °C. For the first
incremental experiment with a maximum temperature of 60 °C, trendlines (Figure 55) found to best

correlate increasing and decreasing viscosity-temperature profiles were:

9.2

y = 0.0079 » (122.3(0:9686-1)) , o (11407 1* (0837 273 15+ Fquation 58
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10.16 "
y = 0.0075 * (122.3(0.9686—1)) * e((0'9574*1'6)+((0.0083)*(273.15+x))) Equatlon 59

The viscosity of the solution was also measured after approximately 17.67 +- 0.02 hrs of
storage at room temperature condition (test case identifier TH-2A-1II, as per Table 9), in order to
determine if any thermal hysteresis variation in viscosity occurs post interim storage at ambient
conditions; results of 1.69 cP at 30 °C and 1.47 at 40 °C, (Table 24) were compared to 1.70 cP at 30

°C and 1.47 cP at 40 °C during cooldown, and reveal no significant difference in comparison to all

comparative values within the uncertainty.

The averaged dynamic viscosity of the second incremental and discontinuous experiment,
(TH-2B, from Table 9) with a maximum setpoint of 60 °C is depicted in Figure 56 and tabulated in
Table 26. It can also be seen that viscosity decreased as a function of increasing temperature and
increased as a function of decreasing temperature. The multiple regression model expressed in

Equation 57, was used to develop the thermal hysteresis trendlines of Figure 56, with equations of:

10 1
y = 0.0068 * (122.309686-D) , (93371 Goosay 275 15+ Fquation 60

10.17 1
y = 0.0074 + (122.3(09686-1) 4 o ((0:9462+ 1.0+ (G 5583)+(273.15+2)) Equation 61

Equation 60 and Equation 61 were found to best correlate increasing and decreasing viscosity -
temperature profiles respectively, for the second incremental experiment with a maximum

temperature of 60 °C.
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71213 75°C

The third batch of thermal hysteresis experiments were to a maximum temperature setpoint
of 75 °C. Three experiments were run in total. The averaged dynamic viscosities of the first
incremental and discontinuous experiment, TH-3A, is depicted in Figure 58 and tabulated in Table
28. The viscosity decreased as a function of increasing temperature and increased as a function of
decreasing temperature. The multiple regression model expressed in Equation 57 was used to

develop the thermal hysteresis trendlines of Figure 58, with equations of:

7.97
y = 0.0046 * (122_3(0-9686—1)) * e((1'7757*1'6)+((o.0083)*(273.15+x)))

Equation 62

9.5 :
y = 0.0093 * (122.3(09686-D) , (0071 * (Gavgzy 27315+ Fquation 63

Equation 62 and Equation 63 were found to best correlate increasing and decreasing viscosity -
temperature profiles respectively, for the first incremental experiment, with a maximum temperature

set point of 75 °C.

An increase in viscosity after decreasing temperatures back to 30 °C was observed.
Specifically, viscosity at 30 °C after cooldown from 75 °C (1.79 cP) was found to be outside the
bounds of uncertainty (£ 0.00) relative to the original viscosity at 30 °C of 1.66 cP. Although an
increase in viscosity is observed, it must also be noted that significant mass loss, equivalent to 2.23 £
0.25 g was also observed. To determine if the increased viscosity was due to evaporation or a
combination of evaporation and hysteresis, the viscosity of the solution was measured after adding
water to replace the mass loss. The temperature was then cycled again to a maximum of 75 °C, with
only two intermediary setpoints at 30 °C and 45 °C. Similar to the first thermal cycling, the viscosity
decreased as a function of increasing temperature and increased as a function of decreasing
temperature. The resulting viscosities of 1.6 cP at 30 °C and 1.35 cP at 45 °C, during increasing
temperature compared to viscosities measured during the original temperature cycling (as per 30 °C
and 45 °C rows of Table 28) reveal no significant difference, with comparative values within

uncertainty of one another.

127



Discussion

The averaged dynamic viscosities of the second non-incremental and discontinuous
experiment with a maximum temperature of 75 °C, TH-3B, as per Table 9, is depicted in Figure 59
and tabulated within Table 30. The viscosity decreased as a function of increasing temperature and

increased as a function of decreasing temperature. Results of this thermal run (Table 30) were used

to develop the correlations in Figure 62:

Viscosity, p (cP)

10 , ,

30 40 &0 &0 70 80
Temperature (L)

—— |NICZ: Decreasing M ®mperature: Decreasing
INCZ: Increasing (A ®mperature: Increasing

Figure 62: Thermal viscosity hysteresis experiment #2 — 75 °C Maxcinum Thermal Setpoint; Correlating Trendlines.
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The multiple regression model expressed in Equation 57, was used to develop the thermal

hysteresis trendlines with equations of

8.5468 1
y = 0.0159  (122.309686-1) , o (8377"1* (@augs)- 27315+ Fquation ¢4

9.1131

y = 0.0109 * (122.309686-1) , o (7771 * (Gavgs)- 27315+ Fquation 65

Equation 64 and Equation 65 were found to best correlate increasing and decreasing viscosity -
temperature profiles respectively, for the second incremental experiment with a maximum

temperature set point of 75 °C.

7.1.2.2 Non-Newtonian Behaviour

The viscosity of PVA solutions of different concentrations was observed as a function of
shear rate. The results show viscosity decreases as a function of increasing shear rate. A more
intuitive method of observing non-Newtonian behaviour is by determining the flow behaviour index
by plotting logio(Shear Stress) vs logio(Shear Rate) as discussed in section 7.1.2.1.2. Table 34 details
Shear Stress, Shear Rate, logio(Shear Stress), and logio(Shear Rate) measured during experiments

which produced Figure 50 - Figure 52 (the figures which represent non Newtonian observations).
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Table 34: Rheological Parameters from Non-Newtonian Experiments on P A solutions of varied concentrations

Concentration | Shear Rate | Logio(SR) Shear Stress | Logio(SS)

(g/dL) (SR) (SS)
1.6 122.3 2.09 4.34 0.64
1.6 73.38 1.87 2.58 0.41
1.6 61.15 1.79 2.16 0.33
1.6 36.69 1.56 1.35 0.13
3.4 36.69 1.56 5.39 0.73
3.4 24.46 1.39 3.61 0.56
3.4 14.68 1.17 2.24 0.35
3.4 12.23 1.09 1.88 0.27
3.4 7.338 0.87 1.15 0.06
4.4 14.68 1.17 4.81 0.68
4.4 7.34 0.87 2.47 0.39
4.4 3.67 0.56 1.28 0.11

Values in Table 34 were used to develop Figure 63 where 3 lines of best fit are shown. The
blue coloured line with square datapoints depict 1.6 g/dL PVA solution (NN-1A, as per Table 8),
the orange coloured line with triangle datapoints depict 3.4 g/dL PVA solution (NN-1B), and the
grey coloured line with circular datapoints depict 4.4 g/dL PVA solution (NN-1C).
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LOG (Shear Stress) vs LOG(Shear Rate)
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Figure 63: Log (Shear Stress) 1's Log (Shear Rate) Plot to Deternzine Flow Bebaviour Index;, n.

The slopes of the linear lines of best fit from Figure 63, represents n [151], with values of
0.96, 0.95, and 0.95 *+ 0.05; representative of 1.6 g/dL, 3.4 g/dL and 4.4 g/dL. PVA solutions’.

Given that these values are all n<1, it is indicative of shear thinning behaviour.

7.1.2.3 Evaporation Rate

Based on the results of evaporation experiment #3, (test case identifier EV-1C, as per Table
9), the viscosity was initially found to be 1.625 ¢P, and after running the experiment, but prior to
adding water, the viscosity was observed to be 1.97 cP. After adding water equivalent to the mass
lost, the viscosity returned to 1.62 cP. This indicates that evaporation results in only the loss of the
water content of the PVA solution, while the constituent contents remain z-situ, and this has
implications when considering PVA solutions and gels for the capture and storage of wastes.
Specifically when gels are used for the capture and storage of wastes, evaporation can be used to

drive off excess water content while retaining the captured wastes within the gel structure.
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7.2 Preliminary Gel Manufacturing

To understand some of the issues with the gelation process, gels were manufactured based
on a pre-existing laboratory procedure, as described in section 5.2.6. This resulted in a de-mixed gel,
with two distinct components. One of the components was a relatively “hard” gel and the other

component was a clear liquid, as can be seen in Figure 64.

Similar to the results above, manufacturing a gel using a 30% higher fructose concentration
also resulted in a de-mixed gel, as can be seen in Figure 65. A 30% higher fructose concentration
was attempted because it was believed that a protonation of the environment (section 4.1.2) could
prevent a localized high concentration of crosslinking. This gel was observed to be extremely elastic,

as seen in Figure 66.

A third attempt at manufacturing gels with the assistance of Dr. Sunagawa yielded a
homogeneous gel, as desired. As can be seen in Figure 67, there are no distinct components but
rather a homogeneous gel/slime like substance. It must be noted that with regards to the successful
attempt depicted in Figure 67 a key step in the way the borax-fructose and the PVA solutions were
combined was different (as per the new procedure described in section 5.2.6). Furthermore, the

concentrations of constituents were different as well.

The key takeaway from the results of these experiment is the fact that characterization of the
individual constituents and an understanding of the chemistry of how the constituents interact is
important to be able to manufacture homogeneous gels of the same characteristics successfully and
repeatedly. The new procedure was developed based on this understanding as detailed within in the
next section. characterization of the individual constituents and the fact that borax and PVA act as

crosslinking agents.
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Figure 64: Image of Demixed Gely No changes to the Figure 65: Image of Demixed Gely 30% Increase in

procedure Fructose Concentration

Figure 66: Image of Demixed Gel; 30% Increase in Figure 67: Successful attempt at manufacturing gel; Borax-
Fructose Concentration; High elastic properties observed Sfructose Sol Added Drop Wise to P17A
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7.3 Constituent Impact on Gel Types

The initial acidification of the environment that occurs due to fructose interacting with the
added borax (Table 20), was predicted as per the borax-fructose interaction theory discussed within
section 4.1.2. As the concentration of borax is increased to 10 w/v%, the aqueous environment
becomes more alkaline, as discussed in section 7.1.1, eventually resulting in a pH of 7.23 £0.01. In
terms of gelation, an environment greater than a pH of 7 and less than a pH of 11 is ideal for the

formation of stable gels, specifically, di-diol crosslinking [118].

It must be noted, however, that the pH of the various PVA solutions are relatively acidic,
and as such, after the combination of aqueous borax-fructose constituent with the PVA solution, the
pH of the overall environment returns to being relatively acidic (which is especially true for Type I
gels, with a relative borax-fructose concentration of 3.85 w/w% concentration (Table 36).
Nonetheless a sol to gel transition is enabled and gelation still occurs albeit one of a less stable,

mono diol crosslink [118].

Due to borax-fructose solution having a relatively alkaline pH (Table 20) compared to PVA
solution (Table 33), intuitively, a hypothesis of a relatively more alkaline environment after the
increment of the relative concentration of the borax constituent of borax-fructose solution, was
expected. However, comparing pH results of Type I and Type II 1.58 g/dL and 2.37 g/dL gels
(Table 35), it was evidenced that a higher relative concentration of borax-fructose solution resulted

in 2 more acidic environment.

Table 35: pH of 1.58 and 2.37 g/ dL. Type I and Type 11 gels

Gel Type | PVA Concentration | pH (£ 0.01)
(g/dL)

Typel | 1.58 7.97

Type 11 1.58 7.69

Typel | 237 7.62

Type 11 2.37 7.30
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Initially, as PVA and borax constituents are combined, boric acid species are consumed
through the formation of crosslinks with PVA, as described by PVA-borax crosslinking theory #2
under section 4.1.1.2. This consumption of boric acid results in the relative excess of
tetrahydroxyborate ion, and as such, the pH of the overall environment is driven to an alkalinity
greater than the pH of borax-fructose solution before combining with PVA. It must be noted that
this alkalinity is further evidence of boric acid species, rather than tetrahydroxyborate ion species
that is responsible for crosslinking with PVA. If it were the tetrahydroxyborate ion species
associated with crosslinking, an acidic, rather than an alkaline environment would have resulted due
to the hypothetical consumption of tetrahydroxyborate ion species, which inadvertently would have

caused the excess of boric acid.

Similar to the protonation that occurs when borax interacts with fructose, a protonation of
the environment when the relative concentration of borax-fructose constituent for gel

manufacturing is increased, occurs, as seen in Table 35.

Figure 68 provides a visual depiction of the protonation that occurs when boric acid
crosslinks with PVA. The release of hydronium occurs with both Type I and Type 1I gels. However,
Type II gels, with a relatively higher borax-fructose concentration of 11.54 w/v% (compared to 3.85
w/v% for Type I gels), provides for increased boric acid crosslinking species. The increased
presence of boric acid results in additional crosslinks to form. As more crosslinking occurs, more

hydronium ions are generated.

H-OH
" "
-0 0 —H* 24 0 0 0
Vet 2 Ve ? >B< +H
& 5 o/ \o

Figure 68: Protonation as a result of boric acid crosslinking with P17 A
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Additional cross link formation is experimentally evidenced via preliminary analysis of
Stokes Law experiments, wherein, 2.37 g/dL PVA-Type I gels wete compared to 2.37 g/dL PVA-
Type 1I gels. The increment of borax-fructose from 3.85 to 11.54 w/w% results in a relatively higher
viscosity. The results of preliminary analysis of Stokes L.aw experiments are depicted in Figure 69
where both photos were captured 10 seconds after the metal sphere reached the 45 mL mark.
Comparing Figure 69-A to Figure 69-B, it can be seen that the metal sphere travels slower (slower
velocity) within the Type II gel compared to Type L. This indicates a higher viscosity, according to
Stokes Law, and is consistent with an increase in boric acid crosslinking agent and a relatively
alkaline pH which results in an environment more favourable for di-diol crosslinking, or at the least,

more crosslinking overall.

Type I gels (Table 36) are easier to manipulate due to their lower viscosity, while also having
high qualitatively observable surface tension. As such, 16 w/w% PVA type I gels or alternatively
even PVA solutions of various concentrations (Table 5), can be incorporated in liquid and gaseous
waste capture system designs. The 34 w/w% PVA Type I gel can be used for adhesion surface
decontamination. After waste capture applications, gels can be converted into Type II gels, by
increasing the relative concentration of borax-fructose, and if necessary, by increasing the
concentration of PVA solution to achieve significantly higher viscosities. This can result in a rubbery

solid type gel, similar to the depiction within Figure 1.
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(A): 24 w/w% PVA Type I Gel (B): 24 w/w% PV A Type Il Gel

Figure 69: Preliminary Analysis of Stokes Law Experiment: 24 w/w% Type 1 vs Type 11 comparison
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8§ Concluding Remarks

A characterization of PVA-borax-fructose gels was completed in this work. This included

the characterization of gels as well as individual constituents using various methods, including

rheological techniques, with the purpose of applications to nuclear decommissioning. The following

concluding remarks have been made based on this work:

The individual constituents of borax, fructose and PVA were characterized in terms of

observing density and rheology across a range of concentrations.
Viscosity relationships of the constituents are now understood.

PVA solutions and gels were characterized across a range of temperatures of possible

exposute, from ambient room temperatures of 22.5 °C to a maximum temperature of 75 °C.

The theory of borax interacting with fructose via boric acid, and the resulting acidification of

the environment was measured experimentally.

A summary of the various theories that describe crosslinking between PVA and borax was

detailed and the theory most representative was ascribed.

Gels of varied concentrations were successfully and repeatedly manufactured.

In summary, sufficient knowledge regarding the density and viscosity properties of the gels has been

obtained such that gels can be prepared at different viscosity states. The homogeneity (demixing)

issues have been solved and the gels are now understood well enough to apply to decommissioning

related activities.
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9 Future Work

This work concentrated on PVA type gels and specifically concentrated on the fluid
properties of density and viscosity as those parameters are important for gel manufacturing and use.
With respect to next steps, there is work required to relate and characterize different types of gels to

specific applications with respect to decommissioning.

For improved understanding of the usability of gels, the following future work is suggested:

e cxploration of methods for bulk production of the gel

e study of manipulation of the gel after manufacturing including changing the gel
viscosity to transition the gel towards a solid formation

e study of reversing the gel into a liquid state for recovery of components within the
gel

e the effects of increasing or decreasing the pH of the gel environment, including

whether the gel can be recovered to its original state prior to pH variation

While the PVA gels used here show strong potential for easy manipulation and low cost, it is
prudent to explore other types of gels. Guar gum and other protein-based gels are rather easy to
make and could be used but may have some limitations due to the potential for bacterial growth.
Other gels have been developed but appear to be costly to manufacture. A good evaluation of the

different types of gels will be useful to determine the optimal applications for each.

With respect to decommissioning, the next steps for the PVA gel is to study a collection of
contaminants of different types and forms and determine the effectiveness of the gel for capturing

of materials.
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11 Appendices

11.1 Appendix: Chapter 2
11.1.1 Unconditional Clearance Level

The unconditional clearance level are as follows, with respect to with respect to

contamination by a single radioactive nuclear substance that is of artificial origin [30]:
e 1 Bq/gif the atomic number is < 81.

e 1 Bq/gif the atomic number is > 81, and the substance ot its progeny does not emit alpha

type radiation.

e 0.1 Bq/gif the atomic number is > 81 and the substance or its progeny emits alpha type

radiation.

Alternatively, if more than one species of artificial origin is of concern, as is the case in almost all
practical cases, then the unconditional clearance level can be calculated via the following summation

equation as defined in IAEA Safety Standard RS-G-1.7 as well as N292.5 [152, 153]:

n
i=1

Equation 66

a

L <1
Li

)

Whetein, ¢; (ﬁ) is the specific activity of the radionuclide i, within the material of concern,

B : ) i Cr e ) .
¢ (—L) is the specific clearance level of radionuclide i, within the material of concern and n is
Li cm? p 5

the number of radionuclides within the material. Clearance levels (Cp;) of artificial radioactive

substances, can be found in Schedule 2, section 1 of the Nuclear Substances and Radiation Devices

Regulations [30].
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11.1.2 Fungal Growth Observation of Polysaccharide Gels

Figure 70: 5 w/ v% Xanthan, Guar Gum Gel ; Prior to Figure 71: 3 w/ v% Xanthan, Guar Gum Gel ; Prior to
Observation of 1 month [70] Observation of 1 month [70]

Figure 72: 5 w/ v% Xanthan, Guar Gum Gel ; Post Figure 73: 3 w/v% Xanthan, Guar Gum Gel ; Post
Observation of 1 Month — Fungal growth present [70] Observation of 1 month — Fungal growth present [70]
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11.1.3 Sodium Polyacrylate Gel Dependence on Water

Figure 74: 0.5 g Sodinm Polyacrylate Gel [70] Figure 75: Sodinm Polyacrylate Gel after 4 days of
evaporation [70]
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11.2 Appendix: Chapter 3

11.2.1 Multi-equilibria Expressions for the dissolution of Borax

The dissolution of Borax in water that results in the formation of sodium and borate ions is

described as per the following expression [104]:

Na,B,05 (OH), * 8H,0 (s) 202Na* (aq) + B,05 (OH)2~(aq) + 8H,0 (1) [duation 67
P4

Equilibrium Expression for Equation 67:

Ky = [Na*1?[B,05s(0H)%™] Equation 68

Wherein two Na* are produced for each [B,05(0OH)3~], hence [Na*] = 2[B,05(0H)5™]

b

therefore K, can be expressed as follows:

Ksp = [(2[B,05(0H)§™ DI?[B,0s(0H);™] = 4[B,0s(OM);™]? Equation 69

Wherein, the borate-1 ion (expressed B,O5(0OH )i_); the product of the dissociation of borax in
water, as detailed in Equation 67), is a weak base and reacts with water to produce hydroxide ions (a

strong base) and boric acid (a weak acid), as expressed in Equation 70:

B,0-(0H)?™ (aq) + 5H,0 2 4H;B05(aq) + 20H (aq) Equation 70

Equilibrium Expression for Equation 70:

[H;BO;]*[0H™]? Equation 71
[B,Os(0H);™]
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Boric acid (expressed H3BO03); the product of the weak base borate ion reacting with water)
is a weak acid (behaves like a Lewis acid [105], with a pK,; = 9.3 [1006]. At a pH lower than 7, it exists
as Boric acid, and at a pH greater than 10.5 it exists as the tetrahydroxyborate ion or the borate
monovalent anion, B(OH )3 [154]; Due to the weak acid behaviour of Boric acid, typically, H3BO3,
through ionization via accepting OH- instead of giving up H+ [14], exists with B(OH )3 in

equilibrium [106]) as expressed in Equation 7 of section 4.1.1.1.
Equilibrium Expression for Equation 7:

[B(OH,)]"[H30™] Equation 72
[H3B05]

K, =

Under certain circumstances, particularly in the pH range of 6 — 11 and at concentrations > 0.025
mol/L, polyborate ions including, B303(OH)Z, B4O5(OH )%, and B5sOg(OH)j also exist in
equilibrium with Boric acid and B(OH)j [154]. According to literature, it is either the Boric acid or

the tetrahydroxyborate ion species from the equilibria reaction in Equation 7 that is responsible for

crosslinking with PVA.
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11.3 Appendix: Chapter 4

11.3.1 PVA-Borax-fructose Gels: Table of relative concentrations

Relative Concentration of PVA Solution: Gel Type I —

50 w i
Concentration = 3 *100 =96.15—% Hquation 73

5 w

Relative Concentration of PVA Solution: Gel Type 11 —

46 w .
Concentration = = * 100 = 88_46W% Equation 74

Table 36 specifies concentration equivalents for gel manufacturing, assuming a 52 g sample size:
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Table 36: Concentration Equivalents of PV A Solution and Borax-fructose Solution for Gel Manufacturing: Equivalents

Assuming 52 g sample size

Concentration Mass Relative Mass Mass Relative Mass
of Equivalent | Concentration | Equivalent | Equivalent | Concentration | Equivalent
PVA Solution of PVA of of Borax- of PVA of of Borax-
Used: Solution: Borax - fructose Solution: Borax - fructose
Refer to Gel Type 1 Fructose Solution: | Gel Type Fructose Solution:
Table 5 (): (10w/v%-13.6 | Gel Type 1I (g): (10w /v%- Gel Type
(w/w %) w/v%o) II (g) 13.6 w/v%) II ()
Solution Solution
Used: Gel Used: Gel
Type I Type 1T
16 50 2 100 2 46 6 100 6
= — %k = — %k
52 52
w w
=3.85—% =11.54—%
w w
24 50 2 100 2 46 6 100 6
= — %k = — %k
52 52
w w
=3.85—% =11.54—%
w w
28 50 2 100 2 46 6 100 6
= — % = — %
52 52
w w
=3.85—% =11.54—%
w w
34 50 2 100 2 46 6 100 6
= — % = — %
52 52
w w
=3.85—% =11.54—%
w w
44 50 2 100 2 46 6 100 6
= — % = — %
52 52
w w
=3.85—% =11.54—%
w w
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11.3.2 Rheology — Low Sample Container

Large gaps between the spindle and the sample container (spindle to container ratios greater
than 1.087, according to ISO 3219 [137, 138]) could result in secondary flow effects and

inhomogeneous deformations. In contrary, viscometer manual recommends a minimum container
. . . . .. 325 . .
radius of 83 mm (a spindle to container radius ratio is T 2.32). When performing baseline

measurements using water as the fluid, the viscometer measures a reasonable value for the viscosity

of water.

When obtaining viscosity measurements using the low sample container, according to
literature, influences due to secondary flow effects and inhomogeneous deformations should be
small, however, measurements were found to be higher. This is due to wall effects. It was initially
expected that the viscometer would mathematically correct for any wall effects and the resulting
increased shear rate; however, this was not the case. A correction factor correlation was developed
such that the low sample container and the thermostatic bath (which directly connects to the low
sample container thermal jacket) can be used to perform thermal rheology experiments. The
correlation compared the viscosity of the same fluid measured using a beaker of diameter greater
than or equal to 83 mm versus the viscosity of the same fluid measured using the low sample

container.

Rheological properties of fluids of varied viscosities, including various concentrations of
borax, fructose, and borax-fructose solutions, as well as concentrations of PVA solutions were
obtained using both a beaker with a diameter of 83 mm and using the low sample container (the
container used in conjunction with the thermal jacket). These datasets will be referred to as the
correction factor dataset (CrrFetrData). Viscosities obtained using the beaker and the low sample
container (LSC) were plotted against one another, and curve fitting was performed using a python

code to obtain a correction factor function. The python code is attached in section 11.3.3.

As per the python code, a 3rd degree polynomial was found to best correlate the beaker and
the low sample container viscosity values (within the 0 — 40 mPa-s LSC range), with a coefficient of
determination (R?) of 0.99 (Figure 76). Substituting the coefficients, the polynomial that best

correlates low sample container viscosity to beaker viscosity is in Equation 75:
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y = 0.000039x> — 0.004x? + 0.31x + 0.63 Equation 75

Substituting LSC viscosity values into x will provide for the beaker equivalent. Furthermore,
correlations were also used to convert other LSC rheological parameters such as shear stress, shear
rate, as well as RPM, as these parameters are used to calculate uncertainty of viscosity converted
from LSC to beaker equivalent. It must be noted that the correction factor curve can only be used
under instances where viscosity data conversion is performed through interpolation, especially since
the behaviour of the curve fit function is unknown outside the range of the datapoints used to for

curve fitting.

The python code plots the LSC viscosities converted into beaker equivalent using the
correction factor function along with the compounded uncertainty. A plot of a sample dataset
including the associated uncertainty of both, the LSC viscosity, as well as the beaker equivalent is
output using the python code. This demonstrates the code can convert LSC viscosity to beaker
equivalent, seen in Figure 77. The sample dataset in this case is a dataset obtained by measuring the
viscosity of 2.37 g/dL concentration PVA solution. The averaged rheological propetties of this
dataset was used as part of the correction factor dataset, from which the correction factor
correlation was developed. By comparing the LSC viscosity dataset to the converted dataset, the
python code was validated. The averaged viscosity of the LSC was calculated to be 7.98 cP; the
averaged viscosity of the correction factor correlation converted beaker equivalent was calculated to
be 2.89 cP. As can be seen in Figure 77, the converted dataset has an approximate average of 2.89
cP. The validated python code is used to correct the viscosity measurements whenever the low

sample container is used.
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EKR Viscosity (mPa*s)
L

0 5 W 15 0 % 3| I/ 4D
L5C Viscosity imPa*s)

Figure 76: 3rd Degree Polynomial Curve Fit - Relates correction factor dataset low sample viscosity to beaker viscosity.
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Figure 77: Plot allowing for comparison between 1.SC and converted beaker equivalent viscosities; Dataset of the 2.37 g/ dL.
PVA solution with a beaker viscosity average of 2.86 ¢P and 1.SC viscosity of 7.98 ¢P was used.
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11.3.3 Python Code — Low Sample Container

Snippets of the python code function that converts low sample container into beaker
equivalent are depicted in the figures below. Wherein the function plots beaker relative to low
sample container datapoints and curve fits based on various functions, including 2™ Degree
polynomial, 3* degree polynomial, exponential, and logarithmic. The function also calculates the R?
value of the various curve fits. The function with the highest R? was found to be the 3" degree
polynomial, and as such is the one used for conversion of low sample container values into beaker

equivalent.

import pandas as pd

from matplotlib import pyplot as plt
import numpy as np

from pylab import *

from scipy import optimize

from scipy.optimize import curve_fit
from uncertainties import ufloat
from uncertainties.umath import*

import openpyxl

from openpyxl import Workbook

from openpyxl.styles import Font, Color, colors
from openpyxl.utils  import get_column_letter

def  CorrFetr_1(x,c8,cl,c2):
return cB+cl®x+c2%x**2

def  CorrFetr_2(x,c8,cl,c2,c3):
return cB+Ccl®x+Cc2% ¥ *2+c3Fx**3

def  CorrFetr_3(x,c8,cl,c2):
return c@*np.exp(x**cl+c2)

def  CorrFetr_4(x,c8,cl,c2,c3):
return: c@+cl*np.log(c2*x+c3)

Figure 78: Python Code Snippet for the conversion of low sample container into beaker equivalent values; Part 1 of 3
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def CFit (COL_INP_LSC,COL_INP_BKR,gl,g2,g3,g4):

cl_ci,covl_ci = curve_fit(CorrFctr_1,COL_INP_LSC,COL_INP_BKR,gl, sigma=lone,absolute_sigma=False,check_finite=True, method="1m")

n_ci = len(COL_INP_LSC)
yl_ci= np.empty(n_ci)
for- i in' range(len(COL_INP_LSC)):
y1 ci[i]=CorrFctr 1(COL_INP_LSC[i],c1 ci[@],cl ci[1],cl ci[2])

figci 1, axl = plt.subplots()

ax1.plot(COL_INP_LSC, COL_INP_BKR, color='green’, marker="o', linestyle="dashed")
ax1.plot(COL_INP_LSC,yl ci, 'ro")

plt.title("CorrFctr_1 Polynomial 2nd")

from sklearn.metrics  import r2_score
print("R*2_1: ", r2_score(COL_INP_BKR,yl ci))

c2_ci,cov2_ci = curve_fit(CorrFctr_2,C0L_INP_LSC,COL_INP_BKR,g2, sigma=None,absolute_sigma=False,check_finite=True, method="1m")

y2_ci= np.empty(n_ci)

for- i in' range(len(COL_INP_LSC)):
y2_ci[i]=CorrFctr_2(COL_INP_LSC[i],c2_ci[®],c2_ci[1],c2_ci[2],c2_ci[3])

figei 2, axl = plt.subplots()

ax1.plot(COL_INP_LSC, COL_INP BKR, color="green’, marker="o0', linestyle="dashed ')

ax1.plot(COL_INP_LSC,y2_ci,'ro")

plt.title("CorrFctr_2 = Polynomial 3rd")

print("R"2_1: ", r2_score(COL_INP_BKR,y2_ci))
c3_ci,cov3_ci = curve_fit(CorrFctr_3,COL_INP_LSC,COL_INP_BKR,g3, sigma=lone,absolute_sigma=False,check_finite=True, method="1m",

y3_ci= np.empty(n_ci)
for i in range(len(COL_INP_LSC)):

Figure 79: Python Code Snippet for the conversion of low sample container into beaker equivalent values; Part 2 of 3

y3_ci[i]=CorrFctr 3(COL_INP_LSC[i],c3_ci[8],c3_ci[1],c3_ci[2])

figei 3, axl = plt.subplots()
ax1.plot(COL_INP_LSC, COL_INP_BKR, color="green’', marker="+', linestyle="dashed")
axl.plot(COL_INP_LSC,y3_ci, ro")
plt.title("CorrFctr_3 = Exponential™)
print('R*2_1: ', r2_score(COL_INP_BKR,y3_ci))
cd_ci,covd_ci = curve_fit(CorrFctr_4,COL_INP_LSC,COL_INP_BKR,gd, sigma=None,absolute_sigma=False,check_finite=True, method="1m",
yéd_ci= np.empty(n_ci)
for i in range(len(COL_INP_LSC)):

yéd_ci[i]=CorrFctr_4(COL_INP_LSC[i],cd4 ci[B],cd ci[1],cd ci[2],cd4 ci[3])
figci_4, ax1l = plt.subplots()
ax1.plot(COL_INP_LSC, COL_INP_BKR,color='green', marker='.", linestyle='dashed')
ax1.plot(COL_INP_LSC,y4 ci, " ro")
plt.title("CorrFctr_4 = Logarithmic")
print('R*2_1: ', r2_score(COL_INP_BKR,y4 ci}))

return cl_ci, covl_ci, y1 ci, ¢2 ci, cov?_ci, y2_ci, c3_ci, cov3_ci, y3_ci, cd ci, covd ci, y4d_ci;

Figure 80: Python Code Snippet for the conversion of low sample container into beaker equivalent values; Part 3 of 3
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11.3.4 Viscometer Procedure

1. Depending on the temperature at which viscosity will be measured, prepare the thermostatic
bath (according to the thermostatic bath manual) using deionized water or silicone oil.

*Refer to Note 1

2. Place the 14 mm wide container with the sample into the thermal jacket and use the end cap

to seal the bottom of the container.

3. Place manufactured samples into the 14 mm wide container. * Refer to Note 2. Alternatively,
place the manufactured samples into a 500 mL beaker (with an inner radius of 83 mm or

greater).

4. Based on the approximate viscosity and using the viscosity tables (in the appendix of the

viscometer manual [136]), select the appropriate spindle.

5. Attach the spindle to the viscometer. If the LCP spindle is to be used, use the spindle hook
to hook the spindle and then attach the other end of the spindle hook to the viscometer, as

depicted in Figure 81, Figure 82 and Figure 83.

6. If using the thermal jacket and the small sample container: secure the thermal jacket holding
the sample container to the viscometer. The spindle should sit fully submerged, in the fluid

post securing the thermal jacket. (Refer to viscometer manual for details and figures)

If using the thermostatic bath, use the thermostatic bath controls to reach the desired

temperature prior to starting the viscometer (Refer to thermostatic bath manual).

Post equilibrium of desired temperature, turn on the viscometer, via flicking the power input

switch, located on the back of the viscometer, as depicted in Figure 84.

Remove any spindles attached to the viscometer and allow the viscometer to perform a self-

test, as depicted in Figure 85.
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Set the desired sampling time via navigating to “Options” using the arrow buttons and then

selecting the “Output” command, as depicted in Figure 86 and Figure 87.

Figure §1: Depiction of the spindle hook that is used to attach the LCP spindle to the viscometer.

Figure 82: Depiction of L.CP spindle hooked onto the ILCP spindle hook.
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Figure 83: Depiction of the spindle hook threaded onto the viscometer counterclockwise.

Figure 84: 1Viscometer on/ off switch; located on the reverse plating of the viscometer.
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ZFungilab

<ENTER:-

Figure 85: Auto Test Prompt, Post turning on the viscometer.

ZFungilab

&

Figure 86: Depiction of the main menn window of the viscometer
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ZFungilab

+ Output g
Information

Figure 87: Depiction of the ""Options" window of the viscometer

7. 'The Enter and Arrow buttons are used to then navigate between the Status, Initialization,
End, and Increment commands. Ensure the “Status” command is set to ON by navigating
to it, pressing the Enter button and then the Tab button to toggle the setting from OFF to
ON. This command prompts the viscometer to store data to the internal memory for

retrieval using the viscometer software on the computer via USB cable.

8. For sampling of ten minutes with 10 second increments (as indicated in Figure 88), navigate
to the “End” command, use the Enter button and then the tab button to navigate to the
option that allows for input of minutes, and use the arrow buttons to toggle between digits
0-9; set the “End” command to ten minutes. Next navigate to the Increment command,
indicated by “Inc” in the UI using the tab button. Use the enter button and then the arrow

buttons to adjust the increments to 10 seconds.

9. After inputting the sampling time, use the QUIT button to navigate back to the main menu

and enter the “measurement” window, as depicted in Figure 89.
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10. Use the TAB and ENTER buttons to input the type of spindle being used, as well as the
density of the fluid for being measured, using the viscometer controls. Use a usb cable to

connect the viscometer to the data logging computer.

11. Ensure the viscometer is level. Place a centering gauge (as depicted in Figure 90) onto a
laboratory scissor jack and use the centering gauge to centre the beaker relative to the
spindle. Once centered, start the sampling using the viscometer by pressing the ON button.
The equipment can take up to a minute to produce an accurate result as it requires time for

the % EOS to stabilize; however, it typically stabilizes in 30 s.

ZFungilab

ON
0oh 0Om 00z
0ok 10m Q0=
00h 0Om 10s

Figure 88: Depiction of the "Output” window of the viscometer
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#Fungilab

A

§P| M2 10K
t 00.9000 gfcm

-,—.i?, (u}

il

Figure 90: Centering Gauge used to center the beaker holding the liquid sample relative to the spindle
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12. Collect data by plugging in the viscometer to a computer and use the Fungilab viscometer

software to extract the data.

Note 1: If temperature control is not necessary then ignore this step.

Note 2: Because the small sample container has a much smaller diameter in comparison to

containers greater than 83 mm, (as per section 9 of the viscometer manual) a correction factor to

account for wall effects is required.
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11.4 Appendix: Nomenclature

11.4.1 Nomenclature — Generic

w/w% Concentration: weight per weight
w/v% Concentration: weight per volume
min; mins minute; minutes

hr; hrs hout; hours

gram/ grams g

mL millilitre; millilitres

11.4.2 Nomenclature — TGA

Symbol Definition Units
a Fraction of A decomposed @ Mass@ rime T
time t Original Mass
k Reaction rate constant 1
s
ko Frequency Factor
I Linear Heating Rate kelvin
min

E, Activation Energy kJmol™1
R Gas Constant 8.314E-3 Jmol™ 1K1
T Temperature Kelvin
x Amount of Water Evaporated; Mass@ rime T

- Original Mass
Y Initial state of dehydration Unitless
n Order of the reaction Unitless
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11.4.3 Nomenclature — Viscometer

Symbol Definition Units
U Dynamic viscosity Na-s
> =Pa-s=mPa-s =cP
m
p Density kg
m3
T Shear Stress g
cm - s?
y Shear Rate 1
S
X Radial location @ which shear cm
rate is being calculated
w Rotational speed rad
S
wy Frequency of the sinusoidal stress Hertz (Hz)
applied by DMA equipment [155]
L Effective Spindle Length cm
cm
T Torque 9 —-cm
S
v Volume cm3
R, Inner radius of the outer cylinder cm
R, Radius of the rotating shaft cm
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11.4.4 Nomenclature — Grunberg-Nissan and Tamura-Kurata Correlations

Symbol Definition Units
Ny, Mixture Viscosity cP
X1} Xo Mole fraction of Unitless; —s2tute
Component 1; Component 2 Msolvent
©1; Oy Volume fraction of w/v%
Component 1; Component 2
d Interaction coefficient; solution Unitless
composition independent
N2 Interaction coefficient; solution Unitless
composition dependent
11.4.5 Nomenclature — Multi Parametric Model
Symbol Definition Units Value
n Apparent Viscosity cP N/A
A, Pre-Exponential Factor Unitless N/A
y Shear Rate s~ 1 122.3
n Flow Behaviour Index Unitless N/A
B Concentration Factor Unitless N/A
C Constituent Concentration g w % N/A
1009w
E, Activation Energy kJj N/A
mol
R Universal Gas Constant kJ 0.0083
mol * K
T Temperature °K 273.15
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