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Abstract
Fundamental issues associated with addressing the UK housing shortage problem are
climate change and the lack of usable building space. Conservation of old buildings,
maintaining green land and a country filled with single walled older properties mean
that the UK government has to retrofit existing older building stock. This would make
a significant impact on reducing the carbon footprint of each household as well as to
alleviate energy supply problems.
The investigation of novel zinc oxide and titanium dioxide nanoparticulates in
aqueous silane/siloxane oil-in-water (O/W) emulsions for practical exterior facade
applications is presented. An initial emulsion was developed and optimised before
further

improvement

through

nanoparticulate

incorporation

was

achieved.

Nanoparticulates of zinc oxide and titanium dioxide were dispersed respectively using
ultrasonication in n-isooctyltriethoxysilane before being incorporated into a base
emulsion. Once formulations were optimised, applied studies and fundamental
assessment of these emulsions were conducted.
The aim of the work presented was to produce a practical facade emulsion that could
be used in the retrofitting of existing building stock or for heritage remedial
treatments. Initial research indicated that water was the governing factor in a diverse
range of facade degradation mechanisms; improving water repellence, thermal
envelope efficiency while reducing biofouling was recognised as being of key interest
in this field. The study gives insight into aqueous water repellent emulsions,
nanoparticulate integration by commercially practical means, and assessment of the
attributes exhibited by such treatments.
Rheological and morphological characterisation concluded that a gelled network
structure is produced by the incorporation of the fabricated nanoparticulate colloids.
The emulsions retained shear-thinning characteristics, ideal for deep treatment
penetration to be achieved for porous silicate substrates. Accelerated ageing tests
showed

that

the

nanoparticulate

emulsions

were

substantially

more

thermodynamically stable than the emulsion control while also being physically more
stable due to surfactant-particulate stabilisation mechanisms of the polar phases.
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From further investigation it was also found that hydroxyl terminated siloxane could
be integrated into these emulsions, helping to improve the ‘green credentials’ of such
systems through the replacement of conventionally used trimethoxy terminated
siloxanes, that release harmful methanol upon curing, thus substitution is preferential
and in line with current European policy.
Treatments improved thermal envelope efficiency of structures through the reduction
of retained water in various forms including rising damp. Assessment was carried out
using model houses exposed to various temperature and humidity scenarios under
controlled heating. The findings showed that water was the root cause of heat loss and
thus a key parameter when considering the improvement of a structures’ carbon
footprint. These treatments allow water vapour to permeate out of a structure
passively, reducing internal humidity issues including microbiological degradation
and health related problems experienced by occupants.
Investigation of bioreceptivity conducted though an 8 week algal culture streaming
study concluded that treatments with <0.1wt% of the aforementioned nanoparticulates
could reduce biofouling through photo-induced sanitisation. Furthermore, it was also
found that while water repellence may vary at the facade interface due to the
respective metal oxides photocatalytic nature, substrate interior water contact angles
should remain high due to the absence of UV light. This is of key importance as it
implies that simultaneous antifouling and rising damp remediation may be achieved
by such treatments.
One of the major advantages of the treatments presented is that they do not effectively
alter the aesthetics of the substrate, unlike photo-induced ‘self-cleaning’ coatings that
turn the facade white. In addition, these treatments are not susceptible to problems
related to the cracking or chipping of coated surfaces, allowing them to provide better
protection.
From the above points it is clear that these treatments are the next paradigm in facade
protection, complying with current social, ecological, political and industrial needs.
This study presents the inception, development and investigation of key attributes and
mechanisms of these novel treatments while showing critically that such emulsion
treatments are practical with great potential to enhance the lives of UK residents.
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Abbreviations & Symbols
AOT
APDMS
APTES
ATP
C
Ca
CA
CMC
CO2
C-S-H
DBS
Et
EU
FDA
H
h+
HLB
Hv
HVAC
ISM
Mg
MTEOS
NTU
O
O/O
O/W
O/W/O
OH
P
PDMS
PHS
PIT
POE (15)
POE (60)
PPM
RC
sa
SBS
Si
TEOS
Ti
UV
W/O
W/O/W
WCA

Sodium diethylhexylsulphosuccinate
(2-4% Aminoethylaminopropylmethylsiloxane) – dimethylsiloxane
copolymer
3-aminopropyltriethoxysilane
Adenosine triphosphate
Carbon
Calcium
Contact Angle
Critical Micelle Concentration
Carbon dioxide
Calcium-silicate-hydrate gel
Sodium dodecylbenzenesulphonate
Ethyl (C2H5)
European Union
Food and Drug Administration
Hydrogen
Hole formed by the illumination of a semiconductor
Hydrophile-Lipophile Balance
Incident photon energy
Heating, Ventilation and Air Conditioning
In situ Forming Microparticle
Magnesium
Methyltriethoxysilane
Nephelometric Turbidity Units
Oxygen
Oil-in-Oil
Oil-in-Water
Oil-in-Water-in-Oil
Hydroxyl
Phosphorus
Polydimethylsiloxane
Diethylphosphonatoethyl-triethoxysilane
Phase Inversion Temperature
Polyoxyethylen (15) stearylamine
Polyoxyethylene (60) stearylamine ether
Parts Per Million
Reinforced Concrete
Surfactant
Sick Building Syndrome
Silicon
Tetraethoxysilane
Titanium
Ultraviolet (radiation)
Water-in-Oil
Water-in-Oil-in-Water
Water Contact Angle
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γ
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Surface tension
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Chapter 1: Introduction
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Fundamental issues associated with addressing the housing shortage problem are
climate change and the lack of usable building space. Conservation of old buildings,
maintaining green land and a country filled with single walled older properties mean
that the UK government has to retrofit existing older building stock. This would make
a significant impact on reducing the carbon footprint of each household as well as to
alleviate energy supply problems. The UK government pledged that by 2050 carbon
dioxide emissions relative to the 1990 output would be cut by 60% [1] [2]. This has
been superseded by a new pledge set out in the 2008 Climate Change Act which states
a 34% carbon dioxide reduction by 2020 and 80% by 2050 [3] [4]. Since household
heating accounted for 53% of domestic energy consumption during 2006 [5], it is
imperative to explore practical and cost effective ways of improving thermal envelope
efficiency. By doing so contribution towards meeting the government carbon dioxide
pledge may be possible [6]. It is estimated that 75% of the dwellings existing in 2050
would have already been built implying that there is a strong need to retrofit existing
structures to meet UK government targets [7].
Approximately 33% of total heat loss in poorly insulated buildings is thought to be
from external walls; however little progress has been made on how to insulate them
effectively [8] [9]; for retrofitting walls the limiting factors include space and cost.
Conventional reasoning deems the use of insulation on interior or exterior wall
surfaces acceptable. In reality, the cost of installation of such materials would be
punitive. There would also be the imposition of reduced usable space, either internally
or externally, making such efforts impractical to implement in nationwide schemes.
One solution may be the application of a water based silane/siloxane treatment to
make the walls water repellent and to enhance thermal envelope insulation properties.
These relatively new treatments do not have the volatile organic compound problems
that current solvent based treatments are associated with. It is well known that the
presence of water in walls is the root cause of numerous problems such as mould
growth, freeze-thaw spalling and reduced thermal insulation [10] [11] [12]. Keeping
the wall dry is therefore crucial in combating these problems. Possible benefits
include reduced maintenance costs, relieving health problems that occupants may
develop, while helping to meet carbon dioxide targets [13] [14] [15].
Silane/siloxane emulsions have been commercially produced for several years, and
may be considered relatively novel compared to solvent based alternatives; however
2
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during this period little improvement or innovation has taken place in this field.
Unlike coatings, these treatments penetrate deep into the substrate reducing problems
associated with chipping of the barrier protecting the substrate. The scope of this
study is to develop nanoparticulate enhanced silane/siloxane emulsions for retrofit and
heritage applications. Once developed, the nanoparticulate enhanced treatments will
then be characterised and evaluated through a variety of systematic and applied
studies to determine whether such treatments would be practically beneficial. For the
reasons given earlier, major areas of assessment include thermal insulation, water
repellent characteristics, and biofouling resistance. Furthermore, a simple yet effective
route for nanoparticulate incorporation is required for commercial viability and thus
also a key requirement.
An area this study focuses on to achieve these aims is photo-induced sanitisation
through nanoparticulate incorporation. Photo-induced sanitisation has been achieved
by many commercially available coating products, photo-catalyst materials
breakdown contaminants through peroxide formation by light and moisture presence
at the coating surface. This reduces the contaminants adhesion to the surface, allowing
contaminants to be removed more easily through rainwater run-off. It is expected that
the small size of nanoparticulates may allow light to pass through the treatment
reducing facade aesthetical alteration while providing photo-induced sanitisation. The
treatment developed therefore should not alter the aesthetics of the building facade.
Current titanium dioxide enhanced paints may reduce fouling through ‘selfsanitisation’, however these impose limits on the facade being coloured white due to
the high concentrations of metal oxide present [16] [17]. In addition, these coatings
are not effective at relieving internal humidity as they block pores and do not address
problems associated with rising damp.
Silane or siloxane based emulsions for masonry treatments, and nanotechnology in
colloidal systems are not new fields respectively. However, combining both and
specifically with nanoparticulates that provide photo-induced sanitisation, may be
considered a virgin field. Furthermore, these new treatments should be safer than
solvent counterparts, reducing human, animal and environmental exposure to biocides
and hazardous materials [18].
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Chapter 2: Literature Review
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2.1 Substrates
2.1.1

Overview

This study assessed treatments on what was considered three relevant substrates for
UK building remediation; brick, mortar, and terracotta roofing tiles. In this section
only these substrates and their constituents are mentioned in detail. A brief reference
to timber is given due to its use inside UK buildings and the decay mechanisms
associated with poor facade protection.

2.1.2

Bricks

Bricks are made from clay however properties may vary widely due to composition
and processing. Three types of clay are available; surface clays, shales, and fire clays.
These clays all have similar chemical compositions however have different physical
characteristics. All of these clays are composed of alumina and silica with different
amounts of metallic oxides. It is these metallic oxides that are the flux and allow
sintering to occur. The sintering temperature is dependent on the lowest melting point
material which in the case of clay is the metallic oxides. The flux material could be
thought of as the matrix material with the alumina and silica being the reinforcement
[19].

2.1.3

Ceramic Roofing Tiles

Berdahl [20] reports that biological growth such as bacteria, algae and fungi may be
aided by pollutants soiling the tile substrate. Soiling by pollutants such as fly ash and
soot may chemically bond with the calcite inclusions causing chemical deterioration.
This soiling may increase water retention and organism adhesion to the substrate,
aiding microbiological attack by increased enzyme transportation and hydraulic
action. Reducing water and soiling of the tile would retard this degradation while also
reducing freeze-thaw exfoliation and aesthetical hindrance [20]. Berdahl mentions
also that wind may exert more force than conventionally considered, producing in
conjunction material fatigue and crack formation over time through vibrations [20].
Ranogajec states that wet and freezing resistance of a ceramic roofing tile is of
paramount importance with respect to the longevity of the tile. Ranogajec continues
by mentioning that CaO from CaCO3 decompositions in the material with the addition
of pollutants and water are also a key contributor to tile failure [21]. Ikeda states that
5
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frost damage from freeze-thaw exfoliation is closely related to pore size which in turn
is related to the water absorption capacity of the roofing tile. Ikedas’ work examined
the effect of temperature on fracture toughness and fracture stress of the ceramic
using a four point bend test of samples fired at different temperatures. It was found
that fracture toughness and fracture stress was increased with firings up to 1100°C
and attributed to pore size reduction due to the increase of glassy matrix impregnation
of the particulate reinforcement. Above this temperature up to 1200°C a reduction of
fracture stress was observed. It was concluded that higher temperature firings would
increase frost resistance [22].
2.1.4

Sand

Sand is used as a fine aggregate in concrete, screeds and mortar. Sand typically has
the composition shown in Table 1. Sand is considered a granular material comprising
of mineral and/or rock particulates [23]. Exploitation of river sand has lead to other
alternatives including offshore sources being used in its place; which may have
elevated Cl ion content that could influence carbonation [24].

Table 1: Typical chemical composition of sand [25]

SiO2
(%)
Ordinary 86.55
Sand

2.1.5

FeO
(%)
0.98

Al2O3
(%)
9.74

CaO
(%)
0.96

MgO
(%)
1.09

K2O
(%)
_

Na2O
(%)
_

Cement

Cement in general is considered a binder and is used in many different applications
such as; concretes, mortars, and screeds [26]. Portland cement and water produces
calcium-silicate-hydrate gel (C-S-H) the binder in concrete and calcium hydroxide
(quicklime). The cement reaction is conventionally given with the main constituent,
tricalcium silicate [26];
𝐶𝑎3 𝑆𝑖𝑂5 + 𝑧𝐻2 𝑂 → 𝐶𝑎𝑥 𝑆𝑖 (𝑂𝐻) 𝑦 . 𝐶𝑎𝑥 𝑆𝑖 (𝑂𝐻) 𝑦 . 𝑛𝐻2 𝑂 + �3 – x�Ca(OH)2

(1)

Where;
•

x is the Ca/Si ratio in the gel which is typically 1.65.

•

y is the number of the hydroxyl groups.
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•

n is the interlayer water content, which depends on different environmental
factors.

2.1.6

Concrete

Concrete is the most widely used construction material in the world with exponential
growth of its production. Concrete comes in two common forms, reinforced and
unreinforced. Rebars are typically used to help produce more complex structures. The
main constituents of concrete include sand, cement, and aggregate [27].
New emerging aggregates such as fly ash and reclaimed materials such as brick and
glass also require consideration when designing treatments. Kou shows that glass
aggregates are viable in concrete products and allow for waste mixed glass to be
effectively recycled [28]. Fly ash has been shown to provide larger interfacial area in
concretes increasing performance characteristics [29] [30]. Siddique concluded the
use of up to 50% fly ash as a viable partial cement replacement in precast and
reinforced cement concrete [31].
A major problem with reinforced concrete (RC) is the corrosion of the reinforcement
[32]. Typically steel rebar is used to reinforce the concrete and this can corrode fast in
some environments. In marine applications the RC may be corroded by chlorine
induced corrosion which significantly reduces the structures service life. It is common
practice to use a protective surface treatment to extend the service life for both new
and existing structures [33].
There are three types of protective surface treatment used:
1. Surface coating: a thin or thick film is applied to the substrate.
2. Surface sealing: the pores are blocked internally.
3. Surface impregnation: the surface inside the pores is impregnated while still
allowing the pores to be open [33].
Of the three types, the main ones used by the building industry are a silane based
water repellent and sodium silicate pore blocker. Each one reacts with the hydrated
cement phases and penetrates pores [33].
Surface preparation before treatment is important as in most cases debris will
diminish the treatments ability to permeate [33]. UV, heat, moisture, and
hygrothermal factors are also important aspects for the longevity of treatments. For
7
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concrete UV degradation only occurs on the outer part of the substrate as UV
radiation cannot penetrate concrete [34]. According to Vries water under a
hydrophobic treatment should be allowed to evaporate freely to reduce damage from
water-pressure build up or freeze-thaw exfoliation damage if the water freezes. Waterpressure build up behind a coating causes blistering, delamination at the substrate
coating interface, and cracking depending on materials and conditions; impeding the
coatings effectiveness to protect the substrate. Freeze-thaw exfoliation (spalling) is
where trapped water freezes and can upon freezing, crack and chip the outermost
substrate exposing a new surface for further spalling to occur [34].
Surface impregnation of un-cracked RC with silane has been proven to be a very
successful method at reducing water permeation. Silane modifies the surface energy
of pores, making them hydrophobic and due to their small molecular size, may
penetrate deep into the substrate. However effective water repellent attributes depends
on obtaining a deep penetration depth of silane greater than 5mm; reducing uptake
potential through capillary action or potential to bypass the treatment to the
hydrophilic portion of the substrate. RC structures impregnated before water exposure
with a 2mm crack also relied on penetration depth; using a silane emulsion and gel
based treatment produced a highly water repellent structure. If a crack is made after
initial coating, the reinforcement has less corrosion than if uncoated, however
secondary treatment was considered unavoidable in this scenario. It was also found
that sodium silicate does not prevent water absorption or chloride ingress and hence
cannot protect the reinforcement from corrosion [32] [33].
Hydrophobic treatment of concrete is not limited to protecting marine environments; a
common problem is the use of de-icing salts on or near concrete structures which also
causes chloride corrosion problems [34]. Vries states the structure of concrete to be
composed of silicates and as both alkyl group silanes (CH3) and silicates have a
similar composition of silicon and oxygen, that they may chemically bond. Vries
concludes that hydrophobic treatment of concretes reduces corrosion by chloride ions
under de-icing salt conditions [34].
Carbonation is considered a major deterioration accelerator of steel rebar corrosion in
cracked concrete (although all surfaces are affected) [35]. Carbon dioxide from the
surrounding air especially in pollution rich air reacts with the hydration products of
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the cement. This reaction causes a reduction in alkalinity and hence the concretes’
ability to protect the steel reinforcement. Cracks may be formed through various
means including improper curing or shrinkage when curing, or heat from hydration.
When cracks are produced it allows the ingress of Chlorinates and CO2 nearer the
core which may aid in the deterioration of the concrete and reinforcement [36].

2.1.7

Timber

Felled trees are referred to as timber, and predominantly cut to standard sizes for
building materials. Timber attributes include a high strength to weight ratio, ease of
processing, abundance, relatively cheap, and a renewable resource, and other
properties including aesthetics make it a prime building material [37]. Each tree
species resist microbiological attack to a different degree, depending on their sapwood
thickness, moisture content, structure and active agents which must be taken into
account when testing timber decay resistance [38].
Weigenand wrote that the following effects may be responsible for high resistance of
chemically modified wood against fungal decay [39]:
1. The reduction of moisture content.
2. The modification of cell wall polymers to become unrecognisable to
enzymes.
3. A decreased micro-pore size in the cell wall.
Weigenand states that fungi require moisture to start colonisation and decay as well as
that the moisture required must be above fibre saturation point. This is why many
timber treatments are water repellents designed to keep moisture content below the
timbers fibre saturation point [39]. The fibre saturation point is considered to be 25%
to 30% for dry wood weight conventionally. Atmospheric water vapour typically
ranges between 11% to 14% in dried wood, however fungal decay only starts at
approximately 30% fibre saturation point. This means that the environment of the
timber has the potential to affect timber decay [40] [41] [42].

9
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2.2 Treatments
2.2.1

Overview

The bulk material most likely used for the coating is described below. Silicones and
smaller molecules of the siloxane backbones called silane will constitute the oil phase
of the product which will be complimented by a water phase for hydrolysis reaction
when used.
2.2.2

Silicone

Silicone is an analogy based on ketones, and was conceived in 1901 by Kipping who
first studied the newly found compounds based on the general formula R 2SiO. The
term silicone is generally used to refer to polydimethylsiloxane (PDMS) although
may be applied to Si – O backbone polymers (siloxanes) in general. Referring to
Figure 1, methyl groups along the chain (R2) and terminations (R1) for PDMS may
be substituted for many other groups e.g. phenyl, trifloropropyl, and vinyl to make
very diverse siloxanes for a multitude of requirements. Hydroxyl, ethoxy and
methoxy terminations may also be present and to varying degrees and configurations
for networking and bonding applications. The organic – inorganic backbone of
silicone attributes a multitude of properties suitable for a facade coatings including
elastomeric durability though larger bond angles than hydrocarbon alternatives [43]
[44] .

Figure 1: Siloxane chemical structure
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2.2.2.1 Properties of Silicone
Since silicon is in the same period of the periodic table as carbon it is expected that
similar molecular analogies could be made however this is not correct. Some
molecules that do exist are analogies of the two; however these molecules react very
differently with different characteristics. Bond lengths are longer for Si than C while
Si – O have larger bond energy (452kJ/mole) with large bond angles allowing a
highly stable and flexible polymer to be produced compared with a C – O bond
alternative. In summary there are few similarities between the hydrocarbon and
silicone based polymers [43] [45].
The inorganic part of the silicone chain imparts high surface energies and properties
similar to silicates. Due to lack of side groups at the O sections a highly flexible
polymer is possible. Due to the flexible siloxane backbone PDMS may produce a
helical conformation allowing the methyl groups to form a hydrophobic surface and
the oxygen backbone section a strong substrate bonding area [43].
Silicone organic copolymers can be created with surfactant properties, e.g. silicone
glycol copolymers. Such silicone copolymers are useful for applications such as
continuous ware contact lenses; requiring high moisture retention, contaminant
wetting and oxygen permeability with low irritation. Such materials bio-mimetically
imitate natural lipids present in the eye. Such high wetting behaviour and chemical
compatibility with siloxane chemistry may be useful for emulsification in this study,
while retained material after application may become part of the treatment, providing
hydrophobic tendency; increasing the efficacy of the treatment to repel water [47]
[48].
Polymer chains of PDMS may be cross-linked to form a three dimensional
interpenetrating networks. PDMS has a high wetting characteristic allowing
impregnation of most surfaces. There are many curing methods that may be
implemented to facilitate curing, with this in mind, in theory a silicone formulation
may be tailored to the environment that it is to serve in [43] [49].
2.2.3

Silane
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Figure 2: Diagram of alkoxysilane bonding on wood substrate [46]

Silanes are smaller molecules of siloxanes containing one silicon atom [34]. These
materials are becoming more extensively used as part of hybrid products with
siloxanes, being used to increase adhesion, crosslinking and hydrophobic properties in

12

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

their application [50]. Various functionalities are possible with silanes including
terminations comprising of ethoxy, methoxy, amino, epoxy groups providing
suitability in a multitude of fields including aerospace composite repair, composite
sizing agents and textile hydrophobes. Alkoxysilanes first go through hydrolysis with
water to form silanol, after which the silanol then goes through a condensation
reaction to produce a networked phase (Figure 2) [46]. Reaction specific to this study
is given below, ‘R’denotes reaction to either silane functionality or substrate silicate
active site [51];
[Octyltriethoxysilane]

CH3(CH2 )7Si(OCH 2CH3)3

+

[Water]

H 2O

=

[Silanol

Condensate] CH3(CH2)7 Si-OR3 + [Ethanol] CH3 CH2OH
Silanes can migrate in coating formulations to the substrate interface which improves
bonding during the curing process. Silanes, being small molecules compared to larger
polymers used in treatment systems, have less inertia and thus the ability to wet the
interface through greater kinetics for the same application energy. Silanes also do not
need to unravel unlike siloxanes before bonding and thus requires less energy to have
the potential to react under the same conditions. As these are hybrid materials which
combine both organic and inorganic properties, they have the ability to react with the
polymer and mineral phases. Bonds are considered to be re-hydrolysable, allowing for
stress relaxing to occur at the interface and increasing adhesion and durability
attributes of the coating. Silanes can also be produced with a range of functional
groups allowing for a range of substrates to be treated [50].
Silanes and to some extent siloxanes evaporate especially when dissolved in alcohol
solvents. To reduce this effect water-based systems such as micro emulsions are now
produced to reduce this effect increasing the active content of the treatment available
for retention after application [34].

2.3 Nanoparticulates
2.3.1

Overview

Nanoparticulates are <100nm in one or more dimensions and exhibit characteristics
associated with their shape and composition. Properties imparted into composite
materials containing such particulates may include very large increases in
performance for small quantities of material [17] [52]. Performance of nanoparticles
13
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is also typically dependent on how well they have been dispersed. The state of the art
currently is more directed towards functionalising nanoparticulates for dispersion and
designing new ways of viably applying and processing them, with synergistic
behaviours typically achieved [17].
2.3.2

Titanium Dioxide

Titanium dioxide is the largest volume inorganic pigment produced in the world. It is
typically used to produce white paints, papers, and used in plastic applications. Due to
its high refractive index (2.76 rutile, 2.52 anatase) and uniform wavelength scattering
products incorporating it appear white for relatively low concentrations, thus it is an
effective colour extender [53]. However at smaller particle sizes such as 50nm and
lower titanium dioxide allows light transmittance, and a white colour is not produced
by light dispersion. A study by Bygott [53] shows that achieving a high degree of
transparency with respect to crystallite size is offset by reduced UV absorption as well
as other coating properties (shown by Figure 3). The cause for this is related to
Rayleigh scattering; electromagnetic radiation at smaller particulate sizes may be
scatted instead of absorbed due to wavelength and particle size characteristics. At
larger particle sizes UV radiation is predominantly absorbed with less scattering
occurring. In theory, to scatter UV radiation between 200nm and 400nm the optimised
particle size is between 20nm to 40nm. Thus the reason why reduced particulate size
could hinder photo-oxidation performance due to reduced UV absorbed for the
process.

Figure 3: Summary of the effect of crystallite size on transparency and other general attributes of titanium
dioxide enhanced polymers [53]
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Titanium dioxide has photocatalytic attributes that allow the material to provide a self
cleaning and self sanitising characteristic to the host material. Figure 4 shows that
with the input of UV radiation, water, and oxygen hydroxyl and oxygen radicals are
produced respectively. These radicals denature organic compounds by an oxidation
reaction, providing self sanitising surfaces.

Figure 4: Photocatalytic process

The following equations show the photocatalytic reaction process:
𝑇𝑖𝑂2 + ℎ𝑣 → 𝑒𝐶𝐵 − + ℎ𝑉𝐵 +

(2)

𝑂2 + 2𝑒𝐶𝐵 − + 2𝐻 + → 𝐻2 𝑂2

(4)

𝐻2 𝑂 + ℎ𝑉𝐵 + → 𝑂𝐻 − + 𝐻 +

(3)

Figure 5 shows the photocatalytic property of titanium dioxide and how it affects the
hydrophilic nature of the surface that contains it. It is considered that the production
of a unified water film allows for superhydrophilic characteristics to be obtained,
which prevents adhesion to the inorganic and organic components of the surface and
therefore retains a clean surface on the photocatalyst.
If the effect of the photocatalytic process for microbiological degradation is
considered in conjunction with the superhydrophilicy then a coating containing such
particles could breakdown pollutants and provide a transport system to remove such
matter [17] [52] [54] [55].
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Figure 5: Photo-induced superhydrophilicity

Figure 6 (modified from [56]) shows the UV absorbance characteristics of anatase
titanium dioxide and zinc oxide photocatalysts respectively. Solar UV radiation
experienced by the Earth can be divided into three prevalent wavelengths. UV-C has a
spectral range of 100-280nm, but does not reach the surface of the Earth as it is
absorbed by the o-zone and other atmospheric components. UV-B has a spectral range
of 280-315nm and although reaches the Earth’s surface most of it is absorbed by
stratospheric o-zone. UV-B alters DNA, causes sunburns, cataracts and melanoma.
Conversely UV-B also is used for the production of vitamin D which helps bone
development and prevention of certain types of cancer. UV-A with a spectral range of
315-380nm is less energetic while also the least absorbed of the three by the
atmosphere. Recent studies have also shown that UV-A damages skin and eyes,
causing wrinkles and photo-ageing [57] [58] [59]. Figure 6 shows that titanium
dioxide has more pronounced absorbance characteristics than zinc oxide over the UVA range and due to UV-A having the most influence at ground level, makes titanium
dioxide more effective as a photo-catalyst.
In general, it may be considered that photo-induced oxidisation occurs above the
band-gap energy requirement of the photo-catalyst. Since titanium dioxide has a better
matching band gap compared to zinc oxide to natural radiation at the earth’s surface it
may be considered more appropriate for facade sanitisation [53].
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Figure 6: UV absorbance spectroscopy of anatase titanium dioxide and zinc oxide photocatalysts [56]

2.3.3

Zinc Oxide

Zinc oxide blocks both UV-A and UV-B radiation unlike titanium dioxide and is used
in similar products due to this characteristic. UV incident energy is absorbed and then
reflected as heat through crystalline excitation. Zinc oxide has this ability unlike
titanium dioxide for lower wavelengths due to its wider band gap (3.37eV) [60]
compared to titanium dioxides (rutile; 3.05eV, anatase; 3.26eV) [61]. Zinc oxide is
also known for its fungicidal tendency [17].
Hegedus [62] states that although polymers such as polyurethanes and acrylics resist
UV degredation, they do not protect the substrate from degradation. This is an
important concept to grasp when dealing with the current study. Traditional organic
UV absorbers may migrate out of the coating while also being susceptible to
degradation due to their organic nature. These organic stabilisers may include
benzophenones [63], hydroxyphenylbenzotriazoles [64], and hindered amine light
stabilisers (HALS) [65].

As zinc oxide is inorganic and a particulate they are

considered more stable and have less inclination to migrate compared to smaller
organic molecular

alternatives, offering increased efficacy and hence coating

longevity. Hegedus also found that zinc oxide showed both chemical and humidity
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resistance when tested at 4wt% to 7wt% incorporation in a polyurethane – latex
hybrid coating (ZnO ~50nm) [66].
Ju-Nam explains that small quantities of ZnO did not induce cellular damage when
tested. However damage was seen above 0.016M. Research showed that ZnO
nanoparticles did not have to enter cells to cause damage to the cell membrane. JuNam continues in stating that although ZnO covers a larger UV band but TiO2 is used
in its place for many applications as it has a greater photo activity. Ju-Nam also states
that it is harder to find TiO2 with highly crystalline structures in the rutile form
compared to anatase [52].

2.4 Essential Attributes for Treatments
2.4.1

Water Repellence

In general, studies on a variety of interfaces comprised of many diverse materials
have confirmed that a combination of nano-scale and micrometer-scale roughness and
a low surface energy substrate allows for water contact angles greater than 150° to be
achieved and are generally considered self cleaning super hydrophobic materials [16]
[67]. Specifically, relating to the photo-induced oxidisation effect (Honda-Fujishima
effect) achieved by materials such as titanium dioxide and zinc oxides in various
studies, it is the exposure of the interface to UV irradiation or absence thereof that
controls the surface energy through the (reversible) re-arrangement of the crystalline
structure. In addition, ambient uptake of moisture from the surrounding environment
stabilise areas of the structure which have been affected through oxygen removal
during the photo-catalytic process; increasing the hydrophilic tendency at the
interface. This absorption is not uniform over the crystalline interface due to the sites
were oxygen is present and absent in the structure, as well as local UV influence on
rearrangement of the structure. Therefore, depending on UV exposure and
environmental conditions, the water contact angle of the interface may vary to a high
degree [68] [69] [70].
There are two conventional models for water beading; the Cassie-Baxter model is a
water drop modelled on top of columns, whereas the Wenzel model is of the water
drop inside the gaps between the columns. These models describe hydrophobic and
hydrophilic materials respectively. Assuming modelling of roughness of the surface is
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being produced by square pillars, the following formulations may be used to express
the contact angle (CA) [71]. See Figure 7 for visual representation of the model.

For the Wenzel model (homogeneous wetting) [72]:
𝑐𝑜𝑠𝜃𝑟𝑤 = 𝑟 cos 𝜃𝑒 =

(𝑎+𝑏)2+ 4𝑎𝐻
(𝑎+𝑏)2

𝑐𝑜𝑠𝜃𝑒

(5)

For the Cassie-Baxter model (heterogeneous wetting) [72];

Where:

𝑐𝑜𝑠𝜃𝑟𝑐 = ∅𝑠 (𝑐𝑜𝑠𝜃𝑒 + 1) − 1 =

𝑎2

(𝑎+𝑏)2

(𝑐𝑜𝑠𝜃𝑒 + 1) − 1

(6)

𝜃𝑒 & 𝜃𝑟𝑤 is the CA on smooth surface and on rough surface respectively.

𝜃𝑟𝑐 is CA on rough surface.

∅𝑠 : the empty set.

𝑎: radius of columns

𝑏: pitch between columns

𝐻: height of columns

Figure 7: Theoretical diagram of surface roughness with relation to both Wenzel and Cassie-Baxter models.
[Modified from; [72]]

There is a sharp transition from the Cassie-Baxter model to the Wenzel model at a
pitch/size ratio of 20. This means that there is a low probability of achieving a
material with a water droplet contact both on top of the columns and in the recesses
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[73]. It should be noted also that both micro and nano scale architectures were
observed on insects, showing that the two roughness levels may be used to modify the
surface structure to create effective columns [72]. Recent superhydrophobic surface
models have implied that the air between columns in the Cassie-Baxter model aids
droplet suspension. Yamamoto’s modelled results show that an increase in height
exponentially increases contact angle potential. Depths of 15µm and greater seem to
be required for superhydrophobic materials. A canal width of 6µm and below
exponentially increases CA properties. Yamamoto states it is the vibration energy that
is the determining factor for the slipping angle and not hysteresis (the memory of the
water drop) [74].
2.4.2

Superhydrophilic vs. Superhydrophobic Materials

Materials that can provide a water contact angle (WCA) of greater than 150° are of
interest and termed superhydrophobic. WCA’s greater than 150° allows for the
material to have a low sliding angle and self cleaning properties. It should be noted
that both parties mention ‘sticky drop’, a phenomenon whereby the drop sticks to the
rough surface and challenges the Cassie-Baxter model which conveys that high
roughness implies low sliding planes [75] [76] [16].
Interest has been shown in using these materials in antifouling paints for marine
applications, snow-repellent for masts and aerials, self cleaning windshields, windows
and facades (to reduce soiling degradation) chemical resistant textiles for the military,
and anti-fogging glasses and mirrors [76] [77]. Ma states in his paper that the lotus
does not use lower surface energy groups as part of the hydrocarbon waxes secreted
on the surface of the leaf such as CH 3 or fluorocarbons to produce a 160° WCA with
nil sliding angles; instead it relies on epicuticular wax crystals that contain
predominantly CH2 groups to reduce the waters contact area. It is therefore the surface
topography that dominates the physio-chemical influence on wetting, very low
surface energy is therefore not required to produce a hydrophobic material. If a tea
towel is considered, water beads are supported on peaks made by OH groups, by air.
Ma describes the lotus leaf as having protruding nubs of 20 to 40µm apart, each
covered with wax crystalloids. He also states that when UV irradiates ZnO surfaces,
OH sites are provided, allowing a superhydrophobic material to become a
superhydrophilic material, and when deprived of UV radiation returns to being a
superhydrophobic [16].
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Zhou states in general that in order to produce a surface with a contact angle (CA)
greater than 150°, the surface topography must be controlled and of a hydrophobic
material. Zhou continues to say that a superhydrophilic material with a CA of less
than 5° may be made by providing either two or three dimensional capillaries of a
hydrophilic material [78].
Song reports that cetyltrimethyl ammonium bromide, a cationic surfactant may be
used to increase the surface roughness of a titania sol-gel films. Song continues to
state that sodium dodecylbenzenesulphonate (DBS), an anionic surfactant was used to
modify titanium dioxide to enable dispersion and alter the optical performance [55]. It
is the opinion of the writer that this may decrease the photocatalytic performance of
the material as it is understood that water is required for radical release from the
substrate as well as UV radiation to provide a self cleaning material, however water
vapour may provide the same effect.
Nimittrakoolchai states that the lotus leaf has a double scale roughness with 10µm
protruding nubs. 10-30µm distance between nubs with wax crystal caps of between
0.2 to 2µm. Hu reports that 2µm precipitated calcium carbonate particles coated with
fatty acid (stearic acid) produced a WCA near 150°, which shows viable passing over
of column size [79] [80].
Xu created a dual roughened surface by combining SiO 2 particulates and ZnO nano
rods for textile substrates. Silane (n-dodecyltrimethoxysilane) was used as the capping
agent. This method is of interest as the substrate did not have to be altered. [81].
Wei prepared a composite column structure to mimic the nubs of the lotus leaf. The
result is a material with 154° CA and 5.8° sliding angle, which is less than a lotus
leaf. The paper discusses Cassie composite model and concludes that the material
created has 89.5% air occupying the contact area [82].
The Cassie composite model:
cos 𝜃𝑟 = 𝑓1 𝑐𝑜𝑠 𝜃 − 𝑓2

(7)

cos 𝜃𝑟 : CA of composite surface
𝑓1 : fraction of solid surface

𝑓2 : fraction of air
(𝑓1 + 𝑓2 = 1)
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Lakshmi reports that a sol-gel using cheap, nontoxic superhydrophobic materials may
be achieved using zinc hydroxide in a TEOS & MTEOS matrix. TEOS may be used
on its own but is reportedly not scratch resistant. The composition of the sol is given
and shows that a low sliding angle and high CA (up to 165°) may be fabricated. The
composition was then applied to glass substrates [83].
Nimittrakoolchai produced SiO2 nanoparticulates with a low surface energy semifluorinated silane treatment via the sol-gel process on a substrate etched before
coating. The film was superhydrophobic, optically transparent with low surface
energy [79]; it is of interest as most surfaces don’t need to be etched to produce the
roughness required.
2.4.3

Rising Damp

Rising damp is a key degradation route for buildings that have a compromised or
missing damp proof layer. Rising damp is the process whereby water from the ground
rises through a structure through capillary action. Jurin’s Model may be used to assess
the height rise due to capillary action, h [84];
ℎ=

2𝛾 cos 𝜃

(8)

𝑟𝑝𝑔

Where; γ is the surface tension, θ is the water contact angle, r is the capillary radius, ρ
is the liquid density, and g is the acceleration due to gravity. However, the Jurin
model does not take into account evaporation from a wall, thus the Sharp front model
may give a more accurate representation of rising damp height rise. The Sharp front
model may be used to calculate the height rise of the damp front and is stated as
follows [85];
𝐻 = 𝑠�

𝑏

2𝑒𝜃

1
2

�

(9)

Where H is the height of the rising damp front, s is the sorptivity (suction of water
into substrate), b is the wall thickness, e the rate of evaporation per unit area of the
wetter surface, and θ is the moisture water volume fraction of the wetted region. From
the Sharp front model it is clear that sealing a building with a conventional coating
would thus reduce the evaporation which reduces the height rise. From this model it
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may be seen that sorptivity has a large influence on height rise as does the wall’s
thickness, which reduces the available area for evaporation.

2.4.4

Antifouling

2.4.4.1 Overview
Fouling of a facade may be classed as two main categories; organic and inorganic
fouling. Fouling may cause various problems such as ‘sick building syndrome’ (SBS),
a problem for occupants which cause various problems to their health and wellbeing
[86]. Usually this is due to fungi spoor release, outgassing caused by building
materials containing VOCs and inadequate air supply. Thus, most of these problems
may be diminished by appropriate implementation and maintenance of heating,
ventilation, and air conditioning (HVAC) within the building [87] [88] [89]. Those
treatments which allow a structure to passively balance internal humidity with the
external environment would be preferable while having the added benefits of being a
treatment instead of a coating [90].
2.4.4.2 Inorganic fouling
Inorganic fouling is from sources such as waste incineration, road pollution as well as
engine pollution which may deposit on facades over their service life. Fly ash, mineral
deposits and salt efflorescence are also rife. Sources for such fouling are diverse and
depending on compositions, allow chemical bonding to occur. When porous materials
dry out with a high enough pore salt solution content, the salts crystallise
(efflorescence). If crystallisation is restricted by the morphology of the pore, damage
may occur and become exacerbated by repeated cycles until the material fails. Salts
encountered during this process include chlorides, sulphates, nitrates, and
predominantly carbonates [91] [92].
2.4.4.3 Organic microbiological fouling
The microbiological field encompasses a large array of organisms, including; viruses,
bacteria, fungi, and parasites. Of these fungi are of the most interest when considering
treatments for inorganic substrates as they may be considered the most damaging
through biodegradation. Fungi include lichen and may cause deterioration to masonry
materials, usually with the help of bacteria acting in a symbiotic relationship [93]
[94]. Fouling may also come from algae, mosses and liverworts [95] [96]. Parasites
secrete enzymes and mechanically degrade substrates. This process is similar to most
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fungi, which secrete enzymes and use water as the transport mechanism to bring back
enzymes and nutrients [97]. As with fungi, moisture is favoured for insects to grow,
without it these degradation processes are not feasible [92].

Figure 8: Fungal nutrient absorption process [97]

Figure 8 shows the process by which fungi expel enzymes to break down organic
molecules for nutrients. It must be noted that a high moisture environment is required
to enable enzyme and organic molecule transportation from and to the hyphae
respectively [97][98] [99]. Since better knowledge of microbiology and degradation
mechanisms is known, reported degradation of structures by parasites and fungal
organisms has actually declined. Serpula Lacrymans, one of the main dry rot fungi
(Basidiomycetes) has been found more and more rarely, implying that remediation
and knowledge of how to build appropriate structures is helping situations [100]
[101].
However, structures that contain dry rot spores for example are notoriously difficult to
remediate. Such spores are approximately 5 to 10µm in diameter, and weigh
approximately1.10-11 g [100] [101] allowing air or water dispersion throughout a
structure. Due to xylem and phloem acting as channels in wood such as pine, boarded
pits allow for cross channel movement, allowing free movement of spores and hyphae
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[92]. It has been found however that if a structure is dry, enzymes cannot be used to
breakdown and gather nutrients, thus the fungi goes into hibernation; for Serpula
Lacrymans this may be as long as 10-12 years [100]. Of course, if there are wet
periods then survival time could be significantly more.
In should be noted that lichens in conjunction with bacterial colonies degrade external
facades. Commonly cracks appear due to spalling caused by water ingress, this then
allows organic matter in and increases water retention. Organic matter may also retain
water accelerating degradation of the substrate. Prior work has shown that these fungi
and bacteria get nutrients from the substrate through this process [102].
In addition to these materials, mosses, hornworts and liverworts (Bryophytes) may
grow in very high water content areas. Bryophytes are usually found next to streams
and on the edges of wetlands, however mosses are also found in desserts and across
the Arctic Circle [96]. Since these are not of primary concern for facade remediation
and protection due to their marginal impact on facade degradation they have been
omitted, for further reading [96].
It seems therefore reasonable that a dry structure is preferred with no cellulose or
masonry hydroxyl groups available for hydrolysis and oxidation by secreted enzymes.
Since water repellent emulsions may reduce the number of hydroxyl groups as well as
repelling water from the substrate, this may be beneficial for reduced organic fouling
[39] [102] [103] [104].
Algae like most of the organic soiling matter mentioned have a considerable resilience
allowing it to survive in harsh conditions. Algae can be microscopic single cells to 30
meter brown algae called kelps [96]. Like other soiling matter, removal of the
environmental conditions required for growth and propagation would limit its
propagation on a facade, conventional paint will limit water and algal ingress and
significantly reduces its retention by a facade although it does not stop growth [105].
2.4.5

Toxicological Responsibility

Treatments must be effective at removing contaminants but should pose minimal
harm to the health and the environment. Toxicology of a treatment throughout its life
cycle will have different toxicological mechanisms. Possible leaching and degradation
of such treatments and its impact on different ecosystems need to be looked at.
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Conversely it would be ludicrous to imagine that exposure to nanoparticulates in
everyday scenarios as not occurring or having influence on health. Exposure includes
nano-sized dust from fields, pollutants from combustion engines, and waste
incineration [103]. Halloysite clays and asbestos are also naturally occurring nanominerals that may be encountered. Due to the millimetre elongated asbestos
particulates and small cross-sectional area it allows this material to pass protective
systems in a human and allows it to lodge in lungs; causing possible carcinogenic
influence to surrounding cells. However when incorporated into cement it may make
an effective insulative panel for roofs, providing reinforcement as well as fire
resistance [104]. Thus, the material must get to the effector site in order to produce an
effect. For example, 1L of alcohol in a bottle will have little influence on a person,
however, if it is consumed then it can reach effector sites.
The European biocidal products directive (98/8/EC) currently being produced will
constrain biocidal products. Titanium dioxide and zinc oxide are known active
semiconductor photo catalysts and have been used to breakdown organic and
inorganic environmental pollutants. The European directive allows materials to be
sold that contain biocides however a large amount of information is required for each
biocidal product including, case studies (if any), risk assessment and life cycle
analysis of such additives. The drawback with nanoparticles is that little information
may be provided as well as having different mechanisms and toxicity levels than
larger equivalents. If accepted that the products for sale are agreeable to the terms
levied in 98/8/EC then additional annual payment to the council must be met [105]
[106] [17].
The mechanisms that are used for toxin delivery and toxin life cycle influences are
still an uncertainty. Impact of toxic materials and their mechanisms is largely
theoretical and based on probable cause, which in turn may be based upon clinical
trials and case studies. Thus assessing risk associated with exposure routes,
complexing and retention within organisms by xenobiotics becomes exceedingly
difficult. Models produced therefore share all the problems associated with theoretical
models [107].
Generally silanes and siloxanes as well as surfactants have been extensively tested
and it may be considered that toxicology levels that are socially accepted have been
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met by such scrutiny. However the state of the art shows that there has been
considerable conjecture on the matter with little definitive information about
nanoparticulates. It therefore makes sense that these are evaluated in this section and
must be evaluated within the context of the treatments they have been proposed for.
This area is a new direction for these particulates, bases of assessment has to be on
fields where exposure is prevalent. Thus the following has been based on
dermatological and exposure route studies. Methods of cell ingress include; diffusion
(passive), osmosis (passive), facilitated diffusion (active), active transport (active),
particle movement across membranes [108] [109]. Figure 9 shows the levels that
toxicity is presently studied at and the areas of interest when dealing with xenobiotic
interaction [107].
2.4.5.1 Immunotoxicology
Both titanium dioxide and zinc oxide are known to cause irritation to the respiratory
tract. Inhalation of these particles in the form of fumes or dust is a common exposure
type. Excessive exposure is known to cause obstructive lung disease. Stepwise
methods to treat this include; elimination of irritants, remedy infections, steroidal
medicine, artificial ventilation, and finally transplantation [110]. It should be noted
that lung defence mechanisms such as mucus and its progression to the throat is useful
for the reduced exposure by these types of particulates, after which the material is
excreted. Conversely nasal hair for nanoparticulates becomes less effective at
blocking particulate transport to the lungs. This evasion of the body’s natural defence
mechanisms is also of major concern for other methods of ingress.
A major problem with nanoparticulates regardless of the exposure mechanisms is
their size. They have much larger surface areas than larger particulates per unit mass.
Particle toxicity is determined by its surface reactivity and therefore these particulates
should in addition to their evasive nature cause significant concern [111].
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Figure 9: Levels of toxicity study [modified from [107]]

Dermatological ingress is also of interest. Newman et al. [111] conducted a review of
various dermatological studies with regard to skin exposure. The purpose of the study
was to assess the toxicological problems associated with particulates in sunscreens.
Various studies focused on the penetration of particulates using different mammalian
skin. It was found that photo-mutagenic capability of such treatments to alter DNA
through the formation of reactive oxygen species with UV light was a problem if
particulates could penetrate the epidermis. It was concluded from various study
assessment that these particulates could not penetrate this layer and remained on the
skin surface and outer layer. The smallest nanoparticulate assessed was ZnO at 20nm,
and since no dispersion information as well as aggregation of particulates was given
in these studies it is still unclear whether smaller particulates can be considered safe
for use in sunscreen applications. In addition, to this it could be considered that
nanoparticulate content and exposure to water repellent emulsions as well as the cured
treatment would be significantly different.
2.4.5.2 Toxicological Regulation
Since the greatest extent of work on nanoparticulate risk on health has been carried
out using dermatological studies it seems prudent to use this as the benchmark to
assess regulation within the nanoparticulate community. After all, exposure to these
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types of treatment would be largely due to application of material onto a facade, so
skin contact would seem reasonable in this state. Exposure would also be due to
breathing in the emulsion’s water based vapour and day to day exposure of the cured
treatment due to inhalation. However, possible exposure would occur during the
manufacturing process and the disposal of these materials.
In 2006 the European Union (EU) and Australian cosmetic regulatory bodies
reviewed the scientific literature and concluded; “there is evidence from isolated cell
experiments that zinc oxide and titanium dioxide can induce free radical formation in
the presence of light and that this may damage these cells. However, this would only
be of concern in people using sunscreens if the zinc and titanium penetrated into
viable skin cells. The weight of current evidence is that they remain on the skin
surface and in the outer dead layer” [111].
In 1999 the Food and Drug Administration (FDA) made a decision to use these
particles in sunscreens without new safety assessments based on previous assessments
conducted on larger particles. This however was called into question by group of
public interest organisations led by the International Centre for Technology
Assessment in 2006. A legal partition filed against the FDA demanded amendments
to its regulations with regard to nano-materials in consumer products. In 2007 the
FDA implemented a new division to assess the scientific and regulatory challenges
faced with the growth of nanotechnology [111].
On the matter of health and environment regulation of nanoparticulates in general, the
EU has argued that; “precaution has already become a principle or customary rule of
international law” although output may vary in both interpretation and local
legislation [112]. In regard to new product regulation a new directive to combat
unknown materials (not specific to nanoparticulates) came into force in 2007. The
directive called; Registration, Evaluation, Authorisation and Restriction of Chemical
substances (REACH) (EC 1907/2006 200b) [113] is designed to improve protection
of human health and environment through earlier and better identification of intrinsic
properties of chemicals. Interestingly it also calls for the substitution of more
dangerous chemicals with safer variants where applicable; following the established
EU ‘precautionary principle’. However due to this stance, error by conservative
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classification could mean products considered dangerous when actually they are
usable [114].
2.4.6

Heat Conservation

From prior study it has been found that moisture increases the thermal conductivity of
bricks and mortar. By reducing water ingression by providing a suitable barrier heat
should be better conserved [115]. Building energy regulations also known as building
energy codes emerged in the 1970’s and became an essential tool for improving
energy efficiency. These codes help improve HVAC within buildings and therefore
help reduce sick building syndrome cases [116].

2.5 Emulsions
2.5.1

Overview

The definition of what an emulsion is and does vary considerably such as those listed
by Becher [117]. In general, an emulsion is a system consisting of at least two
immiscible liquids [118]. More specifically emulsions may be classed as the
following; macroemulsions, multiple emulsions, microemulsions, liposomes, nanoemulsions, and in-situ microparticle systems [118]. Due to their respective nature,
these emulsions may be used for various and diverse applications. There are three
types of emulsions of which oil in water (O/W) is of most interest for production of a
silane/siloxane emulsion. Others include water in oil emulsions (W/O), and inverse
emulsions where the original emulsion is inversed to produce typically a three phase
system, such as (O/W/O). This inversion is typically carried out by slowly folding in
the first emulsion with surfactant into the third phase.
2.5.1.1 Macroemulsions
Macroemulsions have relatively large droplets (greater than 0.1µm) which disperse
light and therefore are turbid. Due to the droplet size, these systems are not considered
thermodynamically stable as micelle structures are large (with more inertia) and more
susceptible to interactions having more effect; collisions lead to coalescence and
phase separation [119]. These emulsions are used in cosmetics as either an O/W (oilin-water) or W/O (water-in-oil) emulsion system depending on its composition and
application [118]. Since oil is unpalatable it makes sense that milk is an O/W
emulsion, whereas moisture retention for dry skin is achieved by W/O lotions [118].
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2.5.1.2 Microemulsions
Contrary to macroemulsions, microemulsions have relatively small drops (radius in
the order of <100nm) they do not scatter light and therefore are not turbid and are
considered thermodynamically stable [119]. In order to achieve such a low surface
tension to produce these microemulsions before critical micelle concentration (CMC)
solubility has been reached, an additional surfactant is used [119].
2.5.1.3 Multiple emulsions
If a standard emulsion is emulsified into another continuous phase then this is termed
a multiple emulsion. Conventional emulsions produced are either O/W/O (oil-inwater-in-oil) or W/O/W (water-in-oil-in-water), although more complex systems have
been reported. This allows for all the benefits of one emulsion within the other, such
as creating super-moisturisers in cosmetics or providing prolonged drug release in
medicines [118].
2.5.1.4 Liposomes
Liposomes are vesicular lipids with a diameter ranging between 50nm to a few
microns. Various membrane structures may be created including structured micelles,
allowing emulsions to be used as a drug delivery system with biodegradability [118].
2.5.1.5 In Situ Forming Microparticle Systems
In situ forming microparticle (ISM) systems are typically a specialist drug delivery
system and not found in other applications due to difficult processing and lack of
requirement. The precursor as a O/O (oil-in-oil) or O/W emulsion with biocompatible
and degradable stabiliser and continuous phase is injected into a patient, forming
microparticles with aqueous physiological liquids in situ within muscle or skin target
areas [118].
2.5.1.6 Nano-emulsions
The term nano-emulsions is used regarding nano sized droplets ranging between 20200nm and unlike microemulsions are not considered thermodynamically stable. They
are not in equalibium or formed spontaneously and therefore conventionally require
high shear dispersion to achieve these emulsions. The literature also identifies these
emulsions as miniemulsions, ultrafine emulsions, submicron emulsions but the term
nano-emulsion is preferred as it helps differentiate it from microemulsions [120].
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2.5.2

Emulsion Principles

Due to emulsions being comprised of immiscible liquids, energy is required to
disperse one phase in the continuous phase. However, unless emulsified properly
these phases will separate due to different surface tensions and specific gravities.
Emulsifiers act as a barrier between two phases, either physically or electrostatically.
Emulsifiers include surface active agents (surfactants) that can be ionic (anionic or
cationic), non-ionic or zwitterionic [119] [118].
Ramsden [121] was the first to observe particulate stabilised emulsions, which were
then evaluated extensively by Pickering [122]. The role of particles as emulsion
stabilisers has been extensively studied ever since, with a vast number of particulatecontaining foams and emulsions having been reported and characterised [123]. The
effect of particle addition strongly depends on a number of factors; chemical nature,
concentration, wettability of the particle species, as well as their size. The latter is of
particular importance as decreasing particle size strongly influences the properties of
the emulsion [124]. In addition, hydrophilic particulates stabilise o/w emulsions,
while w/o emulsions are stabilised by lipophilic particulates [125] [126]. A variety of
nanoparticles have been studied in numerous emulsion systems and their effect on
overall stability, oil droplet size, tendency to coalesce and rheological properties have
been investigated [127] [128] [129]. In addition to surfactants and particulates,
polymer stabilisers may be used to reduce problems with differences in phase
densities as well as acting as an emulsifier [130] [131].
2.5.3

Surfactants

A surfactant is a ‘surface active agent’ that reduces the energy required to disperse
two different phases in one another. Mixing oil and water for example, results in both
phases separating quickly and returning to a lower energy state. If a surfactant is
added such as a non-ionic surfactant which has a hydrophilic polar region at one end
and a lipophilic region at the other, joining may occur at the interface, reducing
tension and allowing for a more stable solution when mixed. There is a vast range
available with different compositions and properties [44].
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Figure 10: Most common surface active agent [132]

Figure 10 shows what the most abundant surfactants are composed of, a chain and
head group. Typically the chain (branched or linear) is lipophilic and the head group
is hydrophilic [132].
The two parts of the molecule interacts as follows:
•

The strong interaction of the water molecules resulting from dispersion forces
and hydrogen bonding act together to push the chain section out of the
hydrophilic phase and hence why the chain may be considered hydrophobic.

•

The ionic or polar section of the molecule is called the head group and
interacts with the water through dipole to dipole or ion to dipole interactions
and is therefore soluble in the hydrophilic phase.

In general, increasing the temperature of a solution increases the solubility of the
solute. For surfactants there is a temperature called the Krafft point/temperature (Tk)
where the solubility of the surfactant drastically increases [132]. In addition, for a
non-ionic aqueous solution there is a defined elevated temperature that allows the
solution to become cloudy, and this is called the cloud point. The cloud point is
determined by the concentration of the surfactant and other variables [119]. When the
surfactant concentration in a solution increases, so does the amount of surfactant at
the interface and results in a decrease in surface tension. It may be considered that the
surface tension reaches a constant at the phase interface when no more surfactant may
be accommodated. This surfactant concentration – interface constant is known as the
critical micelle concentration (CMC); an illustration of this typical behaviour is
shown in Figure 11. CMC is defined as the concentration of surfactant in a colloidal
system above which micelles spontaneously form and any additional surfactant added
goes to these structures. Increased surfactant concentration may make more diverse
structures based on these initial micelles, such as vesicles and laminar phases [133].
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Figure 11: Illustration of critical micelle concentration

2.5.3.1 Surfactant Selection
There are four surfactant chemical types;
•

Anionic (negative charge)

•

Cationic (positive charge)

•

Amphoteric (charge depends on pH)

•

Non-ionic (no charge)

Once the chemical types have been selected, the surfactant(s) with the correct
solubility must also be aptly selected for use.
Solubility required for the surfactant depends on its use;
•

A highly soluble surfactant is required for detergents and other cleaning
products

•

A medium solubility for dispersions

•

Low solubility for inverted emulsions

•

A blend of solubility that enables stable O/W emulsions.

Solubility may be predicted by looking at the chemical properties and ratios.
The most common ways of selecting surfactants are very crude and involves typically
prior knowledge of what worked before, trial and error, and sometimes the
Hydrophile Lipophile Balance (HLB) system.
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2.5.3.2 Co-surfactants
Adding a surfactant does lower the interfacial tension but usually the CMC or
solubility is reached before the interfacial tension is near zero. Co-surfactants may be
any type (non-ionic, ionic, zwitterionic) regardless of the primary surfactant used. Cosurfactants normally have a lipophilic or hydrophilic section that however is a
different length, which helps make a micelle structure that improves the electrostatic
or steric barrier between phases while helping improve the structures resilience to
deformation by reducing gaps in the micelle. By adding a co-surfactant the surface
tension may be reduced before saturation due to a better barrier being achieved, as
shown in Figure 12 [133].

Figure 12: Illustration of co-surfactant concentration

If the surfactants produced a negative surface tension, the interface would expand to
absorb the surfactants until concentration was high enough to make the surface
tension positive again. Overbeek states that in some cases only one surfactant is
needed (such as AOT) to produce a microemulsion, and most non-ionic surfactants
near their inversion temperature [133]. Figure 13 illustrates two emulsion droplet
types which have a co-surfactant interface.
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Figure 13: Illustration of W/O and O/W emulsions using co-surfactants. N.B. polar heads are more crowded
in W/O

2.5.3.3 Hydrophile Lipophile Balance (HLB)
Hydrophile Lipophile Balance (HLB) is used as a guide to determine the suitability of
non-ionic surfactants in particular; however general comparisons for other surfactants
may be made. The surfactant in question is viewed as a ratio of hydrophile molecular
weight to lipophile molecular weight (and was invented by a company bought in 1971
by ICI). The results are divided by five to help reduce the range for convenience to
between 0.5 and 19.5. Comparisons between surfactants may be made by looking up
the surfactant properties on a table. The HLB system was designed to help save time
and money matching surfactants for requirement more easily. It is used because it
provides information on the chemistry of a surfactant, which can help predict its
behaviour within an emulsion, which will save time on producing the right
formulations [134,43].
2.5.3.4 Micelle Formation through Surfactant Aggregation
Surfactants tend to form aggregates ‘instantly’ in a solution in order to form
thermodynamically stable structures. These structures are called micelles and depend
on the concentration of the surfactant in the solution, so too will the shape of the
structure formed. Micelles start to form once a surfactant concentration has been
reached, and this threshold is called the critical micelle concentration (CMC). It is
therefore the micelles emulsifiers that impart the surface/interfacial tension reduction,
emulsification, foaming and wetting attributes [135].
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The aggregation of the surfactants may produce a micelle or a reverse micelle, the
difference being due to the solubility of the surfactant within the system. With the
increase in surfactant(s) concentration then the shape changes from a sphere to an
elongated tube. This is reflected in the increase in the solutions viscosity due to the
change in shape. If increasing the concentration in certain solutions ‘sheets’ are
formed with aligned polar and non-polar groups, allowing pockets for each phase to
form and typically transparent [119].

2.6 Emulsion Processing & Manufacture
Approximately four emulsifying techniques may be classified [118];
1. Internal phase addition to the external phase while providing a shear
mechanism.
2. Phase inversion method, see Figure 14; external phase is added to the internal
phase. Once the inversion point has been reached addition of more of the
external phase inverts the system, i.e. W/O inverts to an O/W emulsion. The
advantage of this method is that small droplets are produced with little
mechanical shearing or heat energy introduced when processing.

Figure 14: Schematic of phase inversion process

3. Heating both phases and then mixing. This method is typically used in
cream/cosmetic preparation due to some materials such as waxes requiring
melting before homogenising. Both phases must be heated to the same
temperature before mixing. It is recommended that once mixing has started it
should be continued until the emulsion cools to ambient temperature to reduce
potential for emulsion separation.
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4. Alternative addition of each phase to surfactant in small measures. This
method typically is used in the food industry.
Trituration, homogenisation, agitation and heat are all methods of providing energy to
create an emulsion [136] [137] [138].

2.7 Nanoparticulate Colloids
Extensive work has been conducted on nanoparticulate incorporation in the dispersed
phase of colloids. As with larger particles used in the paint or printing industry such
as titanium dioxide stabilisation is attributed to either steric or electrostatic
stabilisation, through polymer incorporation or surfactant usage [139]. One of the
most successful surfactants used for titanium dioxide dispersion is sodium acrylate as
it can be efficiently absorbed by the particulates interface and work through
electrostatic repulsion [139]. Titanium dioxide particulates have a physical size and a
hydrodynamic size due to a double electron charge layer. This difference in size is
due to a potential called zeta potential. For this reason wetting of titanium dioxide and
simular metal oxide particulates in water is difficult leading to aggregation of
particulates, as sedimentation due to the Stoke-Einstein effect [140] [141]. Therefore
to aid dispersion and thus aid stabilisation, better wetting through steric and/or
electrostatic repulsion is required. The reason for nanoparticulate dispersion in these
systems is often attributed to the notion of increased efficacy of the treatment;
however for polar based solvents such as the silane/siloxane presented in this study
stabilisation is difficult [142]. While it is possible to produce a highly stabilised
emulsion comprised of conventional co-surfactant systems, the quantity of surfactant
required is detrimental to the surface modification needed [124] [135]. To solve this
problem, architectural paints, agricultural biocides and cosmetics all typically use
branched non-ionic surfactants to reduce the concentration required for stabilisation
[135]. These types of surfactants conventionally have branched polar head groups
which bond with local continuous phase molecules to reduce micelle hydrodynamic
interactions [142]. However, in the specific case of silane/siloxane emulsions previous
studies have shown that either solely particulate-stabilised or surfactant-stabilised
emulsions are not stable for long; even at high concentrations they typically separate
within two days [135]. The amphiphilic nature of the oil phase allows for a degree of
aqueous solubility, making segregation of phases difficult and thus causing
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irreversible micelle rupture and coalescence. However, it has been reported that
stabilisation of these types of emulsions by various surfactant and particulate coemulsifier systems was achievable by using silica or metal oxide particulates and a
polyoxyethylene based surfactant [135], [143], [144].
Ramsden [121] was the first to observe and report particulate stabilised emulsions,
which were then evaluated extensively by Pickering [122]. The role of particles as
emulsion stabilisers has been extensively studied for a century with a vast number of
particulate containing emulsions reported and characterised [123]. Interest wavered
from conventional particulates until the fairly recent introduction of nanoparticulates
and their use as stabilisers, which showed great potential. Nanoparticulates can
improve micelle shape compliance, provide greater surface area for networking and
are less influenced by sedimentation [124].
Prior studies highlighted the following general rules which apply to particulatesurfactant stabilised emulsions: i) particles have to be wettable by both phases to be
effective stabilisers; ii) similar is held true for surfactants; iii) particle-particle
interactions are of importance with flocculated dispersions improving stability [126]
[143]. It has been found in earlier studies that hydrophilic particulates stabilise o/w
emulsions, while w/o emulsions are stabilised by lipophilic particulates [126], [125].
The lipophilic-hydrophilic tendency of such particles is of particular interest and has
been studied extensively. Recent fabrication of Janus particulates is a prime example
of tailoring particulates to suit stabilisation requirements, including both phase
preference and flocculation characteristics [145]. For conventional particulatesurfactant systems Midmore [135] claims that surfactants promote flocculation of
particulates, alter wettability, allowing oil/water interfacial adsorption, while reducing
the interfacial tension. These key points work synergistically to stabilise amphiphilic
oil based emulsions.
Nanoparticulates in the continuous phase have been studied in numerous emulsion
systems and their effect on overall stability, oil droplet size, tendency to coalesce and
rheological properties have been investigated [127], [128], [129]. Surfactants used in
such emulsions may often severely affect the route of nanoparticulate incorporation
and, consequently, the overall stability [146] [147]. If the amount of surfactant in a
system is below critical micelle concentration (CMC), it has been found that
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particulates first stabilise the micelles by filling gaps, after which micelles are
aggregated with excess monomeric or oligomeric particulates achieving greater
stability. If there is too little surfactant absorbed on the outer layer of aggregated
particulates bridging may not be achieved, which in turn reduces flocculation. In
addition to this, smaller surfactant molecules produce larger micelles and bridging is
also hindered due to smaller surface area available for interaction between micelles,
which reduces stability. On the other hand, if the surfactant concentration is too high,
surfactant may cover particulates achieving an isotropic surface tension, causing
irreversible particle-micelle separation and thus destabilising the emulsion [135]. The
major drawback in the silane/siloxane water repellent field is that most studies are
conducted with carefully selected materials in laboratory conditions, producing
findings that may not be applicable in practice [124].

2.8 Summary
Based on the information gathered, to date much work has been carried out in the
fields of silane/siloxane based exterior wall facade coatings, emulsions, and nanoparticulate additives. The majority of the studies found were related to various fields
not directly relevant to the present study. Little work has been carried out with respect
to combining all three fields. Key points found include;
1. Water is considered the root cause of facade degradation. Reducing water
content in a facade relieves; rising damp problems, sick building syndrome,
and fouling problems.
2. Extensive work has been conducted on the use of nanoparticulates in photoinduced sanitisation of facades through coatings, but not through treatments
that are designed to maintain the aesthetics of the substrate.
3. Surfactant-nanoparticulate stabilisation of amphiphilic macroemulsions have
been achieved to a limited extent and further exploration of this field is
required for a variety of commercial applications.
4. Silane/siloxane

based

emulsion

information

on

fabrication

and

its

characterisation is sparse and requires further study and exposure.
5. Toxicological research seems to show that zinc oxide and titanium dioxide
nanoparticulates are safe for dermatological contact and unlikely to cause
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problems when incorporated into a silane/siloxane emulsion system or after
treatment curing.
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Chapter 3: Experimental
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3.1 Experimental Overview
The following experimental process was used during this study to develop
nanoparticulate emulsions and to characterise them. Figure 15 shows a schematic
representation of the development of nanoparticulate processing and incorporation
while specific details are given in later sections. A general description of the
processes used during this study to create and optimise nanoparticulate emulsions is
given below;
A. Pilot Study
a. Assessment of various surfactant co-surfactant systems at various
concentrations and surfactant ratios with regard to stability.
b. Assessment of various phase ratios with regard to stability and
mechanisms.
c. Emulsions were applied to various substrates and assessed through thermal
conductivity, surface energy, sorptivity, to assess general characteristics of
the prepared treatments and the mechanisms governing final performance.

B. Base Emulsion Formulation and Optimisation
a. A surfactant system is developed requiring less than 0.5wt% for emulsion
stabilisation, and assessed similar to that of the pilot study emulsion.
b. Processing was then optimised though systematic evaluation of surfactant
ratio and concentration, phase volume ratio, and siloxane incorporation.
Mixing time and speed was assessed through turbidity, stability based
upon both physical and thermal stress testing, and optical microscopy.

C. Nanoparticulate Dispersion and Characterisation
a. Nanoparticulates where dispersed using an ultrasonic probe mixer and
times assessed through transmission electron microscopy. Due to the
nature of the equipment output of the probe was fixed.
b. Nanoparticulate morphological characteristics were assessed through
nitrogen isothermal analysis.

D. Nanoparticulate Emulsion Characterisation
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a. Mixing times assessed of nanoparticulate incorporation into the base
emulsion.
b. Siloxane optimisation was then also assessed at various concentrations and
molecular weights.
c. Rheological characterisation of emulsions with and without siloxane and
nanoparticulates were assessed respectively to assess stabilisation
mechanisms and emulsion rheological properties.

E. Applied Characterisation of Thermal Insulation, Water Repellence, Pore
Modification and Biofouling
a. Applied assessment of produced emulsions based around facade
degradation mechanisms and thermal insulation was implemented.

Figure 15: Nanoparticulate and emulsion optimisation testing scheme
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3.2 Materials
3.2.1

Water

Water used throughout this study was distilled water, assessed as containing 0 parts
per million contaminants. The majority of the water was sourced from ReAgent Ltd.
3.2.2

Surfactants

polyoxyethylen stearylamine (15) (POE 15) was purchased from ABCR Gmbh & Co.
KG.
Polyoxyethylen stearylamine (60) (POE 60) was purchased from Jiangsu Haian
Petrochemical Plant.

Figure 16: Polyoxyethylen stearylamine where n is 15 or 60 for POE (15) or POE (60) respectively

Aradet N237(90) was received from Rocara Limited.
Description; C12 - C13 alcohol + 7 ethoxylate.
Formula; CH3.(CH2)n.(O.CH2.CH2)p.OH. Where n = 11-12, p = 7.
Aradet N233 was received from Rocara Limited.
Description; C12 - C13 alcohol + 3 ethoxylate.
Formula; CH3.(CH2)n.(O.CH2.CH2)p.OH. Where n = 11-12, p = 3
Aradet BAC 50 (Alkyl Dimethyl Benzyl Ammonium Chloride) was received from
Rocara Limited.
Description; C10-C16 alkyl dimethyl 50wt%, and benzyl ammonium chloride
(predominantly C12 - C14) 50wt%.
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3.2.3

Silane

n-isooctyltriethoxysilane 95% (ITES) was purchased from ABCR Gmbh & Co. KG.
3.2.4

Siloxanes

Hydroxyl end terminated polydimethylsiloxane (PDMS) 3500cSt, 50000cSt, and 90120000cSt, with molecular weights 43500Da, 110000Da, and 139000Da respectively,
were purchased from ABCR Gmbh & Co. KG.
3.2.5

Fumed Silica

Hydrophilic fumed silica from Cab-O-Sil; Sigma, Particle size 0.012µm. surface area
200m2/gram.
3.2.6

Nanoparticulates

15nm Titanium dioxide (anatase) 99% was purchased from Nanostructured &
Amorphous Materials, Inc., Texas.Certificate of Analysis states via inductively
coupled plasma the following impurities Table 2. Further analysis of particulates
morphology, size distribution, and aggregation was carried out using nitrogen
isothermal analysis, energy dispersive x-ray spectroscopy and transmission electron
microscopy. Results are given in Chapter 5: Nanoparticulate Optimisation and
Influence on Colloidal Dynamics.
Table 2: Titanium dioxide specified contaminants

Components
Fe
Na
Mg
Cl

Contents (%)
0.004
0.01
0.006
0.01

20nm zinc oxide 99.5% was purchased from Nanostructured & Amorphous Materials,
Inc., Texas. Certificate of Analysis states the following impurities given in Table 3.
Table 3: Zinc oxide specified contaminants

Components
Cu
Cd
Mn
Pb
As

Contents (≤ PPM)
3
8
5
9
5
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3.2.7

Bricks

Frogged Regency London bricks manufactured by Hanson were used throughout the
study. The specification supplied for the bricks is given in Table 4 and stated as being
manufactured to BS EN 771-1 [148].
Table 4: Specified brick specification

Brick Type
Standard work size (mm)
Dimensional tolerances
Compressive strength (N/mm3)
Water absorption (%)
Durability
Active soluble salts content
Dry weight per brick (Kg)
3.2.8

Category II, HD, clay Masonry Unit
215 x 102.5 x 65
Tolerance category: T2, Range Category: R1
≥ 25
≤ 23
F1
S2
1.95

Sand

Standard yellow builder’s sand was used throughout the project.
3.2.9

Cement

Lafarge Ordinary Portland cement (OPC) was used throughout the study. Cement was
stated to have been made to BS EN 197-1. In addition the cement was stated as
having no accelerators or admixtures.
3.2.10 Terracotta Roofing Tiles
Plain terracotta roofing tiles were purchased from a nationwide supplier. The
dimensions are as follows; 170 x 270 x 12mm.
3.2.11 Terracotta Roofing Tiles – Cut Samples
In addition to larger tile samples, smaller sections were cut to 48 x 97 x 12mm were
also used.

3.3 Finalised Emulsion Definitions
3.3.1

Base Emulsion

In this thesis, ‘base emulsion’ refers to an emulsion that does not contain siloxane or
nanoparticulates. In some sections however, it may refer to an emulsion containing
siloxane however this would be clearly stated.
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3.3.2

Siloxane Emulsion

‘Siloxane emulsion’ refers to a ‘base emulsion’ that has had siloxane incorporated
into it.
3.3.3

Nanoparticulate Dispersion/Colloid

‘Nanoparticulate dispersion’ or ‘nanoparticulate colloid’ refers to a solution
comprising of a 10wt% of respective nanoparticulates and the rest of nisooctyltriethoxysilane. Such suspensions are made through ultrasonication using a
horn probe. The ultrasonic probe was set up to produce a 20kHz frequency at 70%
output, with a mean power output of 240W. Duration of ultrasonic processing was 1
hour. Temperature after processing was 90°C.
3.3.4

Nanoparticulate Emulsion

Defined in this project as an emulsion that includes a ‘nanoparticulate colloid’.
3.3.5

Sample Descriptions

Full emulsion descriptions are given where required in each respective chapter of this
study. However, to allow quick comparisons of the final formulations to be made, the
following abbreviations have been applied and descriptions given in Appendix E:
Table 46;
•

Tile control (TC) and/or brick control (BC) refers to the substrate without
treatment.

•

Emulsion control (EC) refers to the base emulsion with siloxane.

•

Emulsion zinc oxide (EZ) refers to an EC emulsion with zinc oxide
nanoparticulates.

•

Emulsion titanium dioxide (ET) refers to an emulsion with titanium dioxide
nanoparticulates.

3.4 Phase Dilution
To help establish the type of emulsion, a phase dilution test was carried out for all
emulsions. A drop of each emulsion is placed in distilled water and nisooctyltriethoxysilane respectively. A solvent should dissolve miscible phases; ‘like
dissolves like.’ An emulsion may be either oil in water (O/W), water in oil (W/O) or
an emulsion in an emulsion (typically either O/W/O or W/O/W). If the continuous
phase of an emulsion is for example oil, the placing of a drop of the emulsion to be
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tested in oil will show a film of the emulsion being produced radiating from the drop.
If the emulsion drop was placed in water there should not be any film or drop breakup
due to the continuous phase having hydrophobic tendency in a hydrophilic
environment. This makes this method a highly effective method to assess the
continuous phase.

Apparatus:
6x Petri dishes
Emulsion Control (EC)
Emulsion Titanium dioxide (ET)
Emulsion Zinc (EZ)
n-isooctyltriethoxysilane
Distilled water
Labels
Digital camera

Method:
Emulsion preparation; n-isooctyltriethoxysilane and surfactant were put into a
container with distilled water placed into another container. Both were heated at 95°C
in a water bath until the surfactant dissolved. All of the water was added quickly to
the oil mixture.The oil container was removed from the water bath and homogenised
for 30s. Assess a base emulsion with various quantities of titanium dioxide and zinc
oxide colloidal dispersion medium respectively to assess the effect such medium has
on the continuous phase conductivity. 10wt% nanoparticulate colloidal dispersions in
n-isooctyltriethoxysilane produced through ultrasonication for 1hr, was prepared and
incorporated at the relevant concentrations into the base emulsion using the
homogeniser for 30s (post emulsion preparation).
1. Place Petri dishes on table.
2. Half fill six Petri dishes, three with n-isooctyltriethoxysilane, and three with
distilled water; do not cross contaminate.
3. Put roughly 10ml of each emulsion to be tested in each solvent and label each
Petri dish.
4. Take photos and record results.
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5. Analyse results.

3.5 Electrical Conductivity
Apparatus:
Distilled Water 0PPM
n-isooctyltriethoxysilane 95%
polyoxyethylen stearylamine (15)
polyoxyethylen stearylamine (60)
10wt% titanium dioxide colloidal dispersion.
10wt% zinc oxide colloidal dispersion.
Myron L Company; calibration solution KCL-700 (700µS at 25°C)
Myron L Company; Ultrapen PT1electrical conductivity meter with automatic
temperature correction (range 1-9999µS, resolution 0.1µS between 1.0µS to 99.9µS
and 1µS between 100-9999µS, accuracy ±1% of reading)
Homogeniser

Method:
Calibrate electrical conductivity meter using calibration solution.
(i) Assess the electrical conductivity of component materials used in the emulsion as
is.
(ii) Assess the electrical conductivity of simple two phase systems containing water
and n-isooctyltriethoxysilane and the phases made after 30s homogenising at
35,000rpm.
(iii) Assess a base emulsion at various dilutions by distilled water. These emulsions
were prepared by the following method;
ITES and surfactant were put into a container with distilled water placed into
another container. Both were heated at 95°C in a water bath until the
surfactant dissolved.
All of the water was added quickly to the oil mixture.
The oil container was removed from the water bath and homogenised for 30s.
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(iv) Assess a base emulsion with various quantities of titanium dioxide and zinc oxide
colloidal dispersion medium respectively to assess the effect such medium has on the
continuous phase conductivity. 10wt% nanoparticulate colloidal dispersions in nisooctyltriethoxysilane produced through ultrasonication for 1hr, was prepared and
incorporated at the relevant concentrations into the base emulsion (made as stated in
(4)) using the homogeniser for 30s (post emulsion preparation).
All testing was repeated in triplicate.

3.6 Turbidity
Turbidity was measured using a TU-2016; Lutron. Calibration was achieved before
testing using NTU 0 and 100 standard solutions. Accuracy of meter; ±0.01NTU.
Range; 0.00 to 50.00NTU, 50 to 1000NTU. Test vials were washed three times with
distilled water and air dried before use. Once loaded with emulsion, vials were wiped
with a cleaning cloth before placed in instrument. Testing was conducted three times
and results averaged.

3.7 Rheology
Yield stress, zero-rate viscosity and index ratios were evaluated using a cone and plate
rheometer (AR 2000; TA Instruments). A stainless steel cone used in conjunction
with a Pelter plate maintained at 20±0.1°C. The cone angle was 1°59’56” with a
truncation and truncation gap of 58µm. Thermal expansion and inertia of the
geometry was assessed and calibrated using the AR 2000 software before testing
commenced. Rotational mapping of the optical encoder was carried out to ensure
variations in bearing geometry were taken into account before each test. In addition,
the gap between the cone and plate was zeroed before each testing procedure to help
produce consistent results after the geometry had been cleaned. A two minute
conditioning stage was implemented before continuous viscosity was assessed based
upon a 0.01 to 1000 (1/s) shear rate testing scheme. To assess the data retrieved the
following models were applied to the viscosity profiles. The Herschel-Bulkley model
was used for the yield stress, and the Cross model to assess the ratio index and zerorate viscosity.
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Herschel-Bulkley Model [149]:
𝜎 = 𝜎𝑦 + 𝜂 ∗ 𝛾̇ 𝑛

Where;

(10)

𝜎 = 𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎)

𝜎𝑦 = 𝑌𝑖𝑒𝑙𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎)
𝜂 = 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎. 𝑠)

𝛾̇ = 𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 (1�𝑠)
Cross Model [150]:
𝜂 = 𝜂∞ +

Where;

𝜂0−𝜂∞

1+𝐶𝛾̇ 𝑚

(11)

𝜂 = 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎. 𝑠)

𝜂0 = 𝑍𝑒𝑟𝑜 𝑆ℎ𝑒𝑎𝑟 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎. 𝑠)

𝜂∞ = 𝐼𝑛𝑓𝑖𝑛𝑎𝑡𝑒 𝑆ℎ𝑒𝑎𝑟 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎. 𝑠)

𝛾̇ = 𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 (1�𝑠)

𝐶 = 𝐶𝑟𝑜𝑠𝑠 𝑇𝑖𝑚𝑒 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑟 𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑦 (𝑠)
Rheological Techniques used & Ranges
(1) Zero shear viscosity ‘flow curve’ may be used with the following ranges;
Viscosity Pa.s; 1 to X
Shear rate (1/s); 1.000E-5 to 100.0
Or Viscosity profiling ‘flow curve’ if more apt e.g. less time intrusive.
Viscosity Pa.s; 1 to X
Shear rate (1/s); 0.1000 to 100.0
Logarithmic data logging
Power-law or cross model may yield;
•

Consistency

•

Power Law Index (n)

•

Standard Error (Under 20% is ok)
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(2) Oscillation Stress Sweep to gather stiffness and yield stress (gel strength)
values.
Complex modulus |𝐺 ∗ | (y-axis) vs. Oscillation stress (Pa)

Frequency: 1Hz

Start Stress (Pa); 0.001 to 100
Logarithmic data collection

3.8

Physical Stressing by Centrifuge

To assess the physical stability of the treatments, 15ml graduated centrifuge vials
were filled with the respective emulsion and placed in a centrifuge (Mistral 2000;
MSE Ltd) with an arm radius of 0.1m, at 3750rpm for 5 hours. This was to simulate 1
year of physical ageing according to the method given by Becher [117]. After each
hour, results were taken on the visible separation observed, and the centrifuge then
started again until the end of the five hours. The results were then converted into a
percentage to reduce error from differences in material contained in each vial for
evaluation.

3.9

Thermal Stressing by Environmental Chamber

In order to assess the emulsion stability, thermal stress testing was also required since
the emulsions were thermodynamically unstable [118]. The experiment was
comprised of putting each emulsion into a 15ml graduated centrifuge vial and placing
it with the others into an expanded polystyrene rack. These were then stored over 24
hours in an environmental chamber (LTCL 350; TAS Ltd) programmed to run at
different temperatures over the duration. The rack was used to reduce influence of
thermal difference from the chamber floor as well as to keep a space for air to flow
freely around the specimens. After 24 hours, the emulsions were taken out and
visually assessed for phase separation. The temperature ranged from -20°C, 25°C, to
45°C over 8 hour discrete periods respectively to reflect extreme European weather.
Ramps between temperature differences were conducted at 2°C per minute.

53

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

3.10 Scanning Electron Microscopy (SEM) & Energy-Dispersive Xray Spectroscopy (EDAX)
Aim (1): to assess the mechanisms that moss uses to destroy terracotta roofing tiles.
Aim (2): to assess the final six treatments produced when applied to brick substrates
using Energy-dispersive X-ray spectroscopy (EDX).
Apparatus:
1 x Electron scanning microscope with compatible digitiser; JEOL JSM-6060LV
Method for Mosses (1):
1. Place moss body with terracotta root fragments attached into Petri dish.
2. Cut each moss body into four sections using the razor and use tweezers to
place each into different specimen vials and label each.
3. Pour into specimen vials under fume cabinet glutoraldehyde/sodium
cacodylate until covering each sample and seal containers with caps.
4. Put specimen vials into agitator and allow samples to rotate for 2 hours.
5. Rinse each sample twice in buffer solution before the next stage.
6. For the second fixation, use osmium tetroxide to cover the samples, seal with
caps and replace in agitator for 2 hours.
7. Use distilled water to rinse for 15 minutes and repeat three times.
8. For dehydration; rinse each sample in 30wt%, 50wt%, 70wt%, 90wt%, and
finally absolute ethanol solutions respectively for 30 minutes each.
9. Leave each sample in Absolute acetone for 30 minutes and then critical point
dried with carbon dioxide for 1 hour.
10. Once samples have been dried, use carbon cement and the aluminium stubs
and mount.
11. Place samples into gold-palladium plasma coater and coat for 30 minutes.
12. Samples are ready for SEM and EDX testing.

Method for Bricks (2):
1. Pot brick samples on specimen mount using carbon black tack.
2. Gold palladium coat in plasma coater for 30 minutes.
3. Put Specimens in SEM
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4. Create vacuum in SEM chamber.
5. Photographs taken by a compatible digitiser.
6. EDX carried out on selected sites and elements assessed.

3.11 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was used to find the optimum ultrasonic
probe dispersion for nanoparticles in an oil phase solution.

Apparatus:
30x 15ml Centrifuge Vials
Centrifuge vial holder
n-isooctyltriethoxysilane 95% in ethanol
3ml pipettes
TiO2 nanoparticle 15nm 99%
ZnO Nanoparticle 20nm 99.5%
Transmission electron microscope JEOL JEM-1400
Transmission electron microscope chemical vapour deposition (CVD) graphite on
copper 2000 series substrate grids.
Scanning electron microscope (SEM)

Method:
1. Nanoparticles were measured and weighed using the analytical balances and
paper props with mask and gloves being worn; nanoparticles were placed in
their respective vials (premarked).
2. The ultrasonic probe was set up to produce 20kHz frequency at 70% output.
3. A 1wt% solution of each nanoparticulate type in n-isooctyltriethoxysilane
(75ml total) was produced and placed into the mixing receptacle during the
start of each test.
4. The respective test was carried out with the probe suspended in the solution
and sealed by rubber using weights to create a seal around the mid probe shaft.
5. The mixing was carried out for 0, 0.5, 1, 1.5hrs respectively for each variation
respectively.
6. After each mixing the ultrasonic probe was allowed to cool for 45 minutes due
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to heat potentially melting the plastic pipettes used.
7. Each final composition was placed within respective prelabled centrifuge vials
with duplicates used to contain all the material.
8. Each sample was mixed with 20wt% distilled water and placed onto the TEM
graphite CVD copper grids and left to air cure, and then placed briefly in an
oven at 60° to ensure complete drying before insertion into the TEM
respectively.
9. Results were analysed and assessed, with crystallinity and particle size
assessed.

Additional SEM:
10. This was then followed by scanning electron microscopy (SEM) of the
samples.
11. Vial solutions were dried at low heat in crucibles and stuck to aluminium
mounts with carbon tack, plasma coated with gold palladium and assessed
using SEM with energy dispersive x-ray spectroscopy (EDAX) material
confirmation.
Table 5: TEM sample definitions

Sample Id.

Mixing Time (hrs)

A2
B2
C2
D2
A3
B3
C3
D3

0.0
0.5
1.0
1.5
0.0
0.5
1.0
1.5

Nanoparticulate

Content of dispersion tested before
dilution (wt%)

Zinc Oxide

0.1

Titanium Dioxide

0.1

3.12 Mercury Intrusion Porosimetry (MIP)
Porosity of the mortars was determined through mercury intrusion porosimetry (MIP)
using an AutoPore IV 9500; Micromeritics. The method measured pore size by
impregnating the mortar with mercury. Washburn in 1921 derived an equation that
states that the pressure required to force a non-wetting liquid into a capillary of
circular cross-section is inversely proportional to the diameter of the capillary and
directly proportional to the surface tension of the liquid and the solid surface contact
angle [151]. Mercury is predominantly used therefore due to its non-wetting
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behaviour to most solid material interfaces [151]. Increased internal pressure had to
be applied to cause the mercury to penetrate into the decreasing pore size of the
samples. The total volume of mercury was therefore equal to the pore volume.

3.13 Optical Microscopy
Optical Microscopy was conducted using a (DM2500M; Leica Microscopes UK).
50v/v% solutions were produced by diluting each respective emulsion with distilled
water. These emulsions were then fixed using a water based fixative to microscope
slides and pictures of each emulsion were taken through digital camera. These images
were then transformed into 256-grayscale images and a threshold of 130-256 was
used to produce droplet size data.

3.14 Nitrogen Absorption/Desorption Isotherms; BET Analysis
The textural characteristic of each nanoparticulate was determined by nitrogen
absorption-desorption isothermal testing and Multipoint Brunauer Emmett Teller
(BET) analysis using a Micromeritics TriStar II 3020 surface area and porosity
analyser. Samples were degassed under vacuum over night before testing commenced.
Bath temperature during testing was -196.15°C and sample mass for each
nanoparticulate was ~0.3g. The nitrogen cross-sectional area value used for
calculations was 0.1620nm2 . The BET equation used to assess the surface area is as
follows;
𝑃/𝑃0
𝑎(1−𝑃⁄𝑃0)

=

1

𝑎𝑚 𝐶

+

𝐶−1

𝑃

� �

(12)

𝑎𝑚 𝐶 𝑃0

Where; C is constant and related to free monolayer energy absorption. P is vapour
pressure, P0 is the saturation vapour pressure at the set temperature, the vapour
amount absorbed is a, and am is the monolayer capacity at the surface [152].

3.15 Water Absorption
The water absorption test was carried out following BS EN 771-1:2003. The water
absorption percentage was calculated by Equation (13) [148];
𝑊𝑚 =

𝑚𝑤 −𝑚𝑑
𝑚𝑑

𝑥 100%

(13)
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Where; 𝑊𝑚 is the water absorption (%), 𝑚𝑤 is the wet mass (g), and 𝑚𝑑 is the dry

mass (g).

3.16 Sorptivity
To assess water absorption over time and a samples water repellent attribute in a
practical manner that may be used to make a quantitative assessment between
samples, sorptivity must be calculated. Mortar samples were weighed after post
curing and then submerged in a water tank over 24hrs with periodic weighing
occurring during this period. Excess water was dabbed off before readings were taken.
Three mortar results were averaged to produce the final water absorption results.
After the results were collected the sorptivity was then calculated using the following
formula [153];
𝑖(𝑡) = 𝑆𝑡

1�
2

(14)

Where; i(t) is the cumulative volume of liquid absorbed at time t, and S is the
Sorptivity.

3.17 Thermal Conductivity
Thermal conductivity was measured by the hot wire method. A wire of a known
dimension passed a known current across it and the resistance is monitored as a
function of temperature which is measured by a thermocouple. The thermal
conductivity is then calculated using the gradient of the graph produced from these
two variables. A quick thermal conductivity meter (QTM-500 from Kyoto Electronics
Manufacturing Company Ltd) was used to measure the thermal conductivity of
samples in ‘as received’ and wet scenarios. For the wet scenario, samples were placed
in water for 24 hours before being tested. Treated and untreated samples were tested
for each scenario.

3.18 Treatment Depth
The treatment depth was assessed by breaking each sample in half using a chisel. One
cross-section was quickly dipped into water and then compared with the other crosssection. The presence of water darkened the area where the treatment was absent and
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therefore showed how far the treatment penetrated. Treatment depth was assessed
using a ruler with an accuracy of ±0.5mm; five results were used to calculate the
average treatment depth.

3.19 Goniometry
3.19.1 Water Contact Angle (WCA) and Surface Free Energy (Sfe)
Water contact angle and surface energy of both bricks and mortar were tested using a
goniometer (CAM101, KSV Ltd) with testing based upon the method stated in BS EN
828: 1998 [154]. Calibration of the equipment was conducted using a precision 4mm
diameter ball bearing. The water contact angles of samples were assessed using
distilled water as the probe liquid. The probe was dispensed rapidly by syringe and
displaced due to the reciprocal action of the dispenser mechanism onto the substrate.
Measurements were taken by a digital camera and subsequently analysed. Surface
energy was assessed by repeating the process with glycerol as the other probe liquid.
This was then followed by both sets of results being used to calculate the surface
energy of each substrate. Both sets of results were then used to calculate the surface
energy of each substrate using the OWRK Fowkes equation as it takes into account
both polar and dispersive energies as described below [155];
𝑝 𝑝

𝛾𝑆𝐿 = 𝛾𝑆 + 𝛾𝐿 − 2�𝛾𝑆𝑑 𝛾𝐿𝑑 − 2�𝛾𝑆 𝛾𝐿

(15)

Where; 𝛾𝑆𝐿 is the solid/liquid interfacial tension, 𝛾𝑆 is the solid interfacial tension and

𝛾𝐿 is the liquid interfacial tension. Dispersed or polar surface energy constituents are

denoted by d and p respectively.

3.19.2 Surface Tension – Pendent Drop
Calibration of a CAM101; KSV Ltd was conducted using a precision 4mm diameter
ball bearing. The software was setup to conduct the pendent drop experiment. ‘Heavy’
and ‘light’ phases were predetermined values given in Table 6. Each liquid was
dispensed from the syringe tip and visually recorded using the camera. Each test was
conducted 5 times with 5 frames recorded for each. The base line was set to the
syringe tip and the Young/Laplace equation was used to model the drop produced
[156]. These values were then averaged from the results. Anomalous results may have
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to be removed before this in each calculation that was carried out. Good standard
deviation values were given by the supplier as being around 0.01 to 0.05.
Table 6: Predefined phase definitions

Characteristic
Density (g/cm3)
γ (mN/m)
γd (mN/m)
γ+ (mN/m)
γ- (mN/m)

Distilled Water
0.9986
72.80
21.80
25.50
25.50

Ethanol

0.7937
22.40
18.80
0.02
68.00

n-isooctyltriethoxysilane
0.88

Air
0.0013

3.19.3 Surface Tension – Wilhemy Plate
Nine concentrations of each surfactant as well as a 1:1wt mixture solution was
prepared by initially diluting a 10wt% concentration. Initial solutions were prepared
by weighing 10g of each surfactant into volumetric flasks. Water was then added to
make up to a volume of 100ml. These solutions were then used to prepare the test
solutions. Test solutions were premixed and stored in cleaned bottles.
The surface tension of each solution was measured using a Wilhemy plate in a
Dataphysics DCAT 21 tensiometer. Prior testing, glassware was cleaned using
laboratory detergent and rinsed in water. This was followed by several rinsing stages
in deionised water and dried prior to use. The Wilhemy plate was washed in 3
separate beakers containing deionised water. The plate was then heated until red hot
by blowtorch to remove any residual contaminants and allowed to cool before use.
The test liquid during each test was poured into a clean beaker and mounted into the
tensiometer and the test started. Mass before, during, and after testing was measured.
These were used to calculate the surface tension in addition to the dimensions of the
plate. Inflection points were calculated and the critical micelle concentration (CMC)
point was determined.

3.20 Photospectrometry
Three spectrophotometer (Spectromatch Gloss Meter; Sheen Instruments Ltd)
readings were taken and averaged for the brick samples. To assess visual alteration in
a quantitative manner, spectrophotometry was conducted and evaluated using the
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CIElab D65/10° method. The total colour difference ΔE* of the examined surfaces
were determined by [157];
𝛥𝐸 ∗ = √𝛥𝐿∗2 𝛥𝑎∗2 𝛥𝑏 ∗2

(16)

Where 𝐿* is the lightness (0 to 100, black to white respectively), 𝑎* is the red-green
component (positive for red, negative for green) and 𝑏* is the yellow-blue component

(positive for yellow, negative for blue). Chromatic variations Δ𝐶* were calculated to
assess colour purity, and the change in hue Δ𝐻* was also determined by the
respective equations [157];
𝛥𝐶 ∗ = �(𝑎1∗ )2 + (𝑏1∗ )2 − �(𝑎∗ )2 + (𝑏 ∗ )2
𝛥𝐻 ∗ = �(𝛥𝐸 ∗ )2 − (𝛥𝐿∗ )2 − (𝛥𝐶 ∗ )2

(17)
(18)

Where a*1 and b*1 are a* and b* values for the treated tile and control samples,
respectively.

3.21 Model House – Thermal Envelope Efficiency
The main objective of this study was to develop an understanding of the effectiveness
of a nanoparticulate based silane/siloxane emulsion treatment in achieving household
heating energy savings. A prior investigation on pore alteration concluded that nanoparticulate incorporation of either titanium dioxide or zinc oxide (<0.1wt%) was
found to provide beneficial characteristics of interest and hence provided the
motivation behind this study. Due to limited supply of remote probes and relay
equipment the zinc oxide emulsion was used to treat one of two model houses and
tested in parallel to assess energy efficiency of heating both structures in both wet and
dry scenarios. In addition to the model houses, the assessment of the component
materials of the structures was tested to assess their respective influence on thermal
insulation properties.
3.21.1.1 Material Preparation
The emulsion contained <0.1wt% 20nm zinc oxide nano-particulates which helped
improve various attributes such as water repellence and emulsion stability. Oil phase
volume fraction was 0.8 for optimised emulsion stability and siloxane content was
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<5wt% for better treatment penetration of the substrate. Frogged Regency London
bricks were tested along with mortar samples cast 10mm thick using glazed tiles to
create flat samples. Mortar was left for 48 hours at ambient conditions to allow
consolidation to occur before treatments were applied. The treatment amount used for
each sample in this study was calculated based upon a 200g/m2 coverage. Emulsions
were weighed on each respective sample and then applied by a pre-wetted brush to
reduce variation.
3.21.1.2 Model house rig setup
Two model houses were constructed using two courses of four bricks for experimental
assessment of energy consumption. One model was treated while the other acted as a
control. The setup of the rig is shown in Figure 17.

Figure 17: Internal and external view of test rig

The lid and base of each model house was made from high density Styrofoam for
insulation, so other variables such as floor and roof thermal leakage could be
minimised. In addition to the standard mortar, a specially formulated base mortar was
used to aid adhesion of the bricks to the foam base. The main mortar used will be
referred to in this paper as ‘mortar’ for simplicity. The mortar used for building the
model houses were similar to that used in modern building practices, and is shown in
Table 7.
A schematic of one of the two test rigs used is shown in Figure 18. Three remote data
loggers (Ibuttons; Maxim) were used to monitor the temperature and humidity inside
the model houses and environmental conditions externally. They acted as a primary
data source and helped to validate results. Probes were attached to the inside wall
surface of each model house half way from the top, while the third was positioned
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approximately 30cm from the rig. Each probe was retained using a tack adhesive,
which allowed easy removal for data acquisition and reprogramming.
Table 7: Mortar compositions

Materials
Ordinary
Portland Cement
Latex
Soft Sand
Water
Total

Base Mortar Composition
Mass (g)
Percentage Total (%)

Main Mortar Composition
Mass (g)
Percentage Total (%)

540.0

19.6

1420.0

17.3

60.0
1800.0
359.0
2759.0

2.2
65.2
13.0
100.0

0.0
5780
1000
8200

0.0
70.5
12.2
100.0

Figure 18: Schematic of one of two energy consumption test rigs used simultaneously

A printed circuit board (PCB) containing a relay for a 40 W light bulb was used to
heat the internal environment of each model house. The thermistor (accuracy ±0.1°C)
secured in each model provided data to the programme. When values deviated from a
pre-set temperature it prompted the relay to turn the bulb on or off. The bulb was
powered by mains electricity which was interrupted by the PCB relay. A power meter
was used to monitor the energy consumption and electrical source characteristics of
the bulb (accuracy; ±0.1W, ±1V, ±0.01A). Both PCB relays and bulbs were powered
from separate sources, giving a better representation of the energy used by the system.
The bulb was positioned in the middle of the model house, ensuring that uniform
heating took place. The thermistor turned the bulb on and off intermittently but also
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was used to log temperature data to help establish the time duration when the bulb
was on.
One of the model houses was treated with 200g/m² of emulsion. A brush was used to
apply the emulsion with the mass of the treatment weighed by scientific scales
(accuracy ±0.01g). In order to achieve a uniform treatment for each side of the model
house, the brush was pre-wetted each time with emulsion to reduce discrepancies
occurring from brush absorption. This procedure was repeated for each side, with an
average of 13.7g of treatment used per side. Both treated and untreated model houses
were then left for two weeks to ensure curing prior to testing.
The model houses were produced and situated in a relatively insulated room to ensure
temperature and air flow abnormalities were diminished. Internal temperatures were
set at 25°C, 30°C and 35°C for ‘dry’ and ‘wet’ scenarios and external temperatures
monitored. Testing for each regime was conducted for two weeks. For the wet
conditions a brush was used to apply 32.5g of distilled water to each side of the
models to simulate post-rain conditions before testing. Results were only taken when
the inputs were constant for all data loggers. Two hour durations were retrieved and
assessed from these periods.
3.21.1.3 Modelling of energy dissipation rates
From the thermal conductivity results a simple model was created to establish the real
world implications of using such treatments. A wide range of temperature scenarios
were used to assess the energy saving potential of each emulsion. The model used
thermal conductivity to calculate the energy output of a wall section comprised of
standard terracotta bricks considered to have 23wt% porosity. The model was based
upon 10kW heat source emitting energy upon a 10m2 by 10.3cm thick single isotropic
section. A temperature range of 10°C to 25°C produced results considered apt for a
real world scenario. Both thermal conductance (C) and thermal transmittance (U)
were expressed by the following equations [158] [159];
𝐶 = 𝑄/𝐴(𝑇𝑠1 − 𝑇𝑠2 ) (W/m2 K)

𝑈 = 𝑄/𝐴(𝑇𝑠1 − 𝑇𝑠2) (W/m2 K)

(19)
(20)

Where Q is the heat flux through the measured area and may be considered as the
total energy used to heat the system (W). A is the area cross section being monitored
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(m2). Ts1 is the average test surface temperature from ‘internal’ conditions (°C). Ts2 is
the average test surface temperature for ‘external conditions’ (°C). TA1 is the air
temperature for ‘internal conditions’ (°C). TA2 is the air temperature for ‘external
conditions’ (°C).
Surface coefficients (R1) and (R2) for both ‘internal’ and ‘external’ interfaces can be
used to find the thermal conductivity (k). Equation (19) & (20) therefore derived
Equation (21) & (22);
R1 = Q/A(TA1-Ts1) (W/m2 K)

(21)

R2 = Q/A(TS2-TA2 ) (W/m2 K)

(22)

Hence the heat transfer going from the ‘internal’ wall to/from the ‘external’ wall may
be expressed as;
k = Ql/A(TS1-Ts2 ) (W/m2 K)

(23)

The thickness of the sample wall is expressed by l (m). The overall systematic model
used has been well established in prior work, and is described below [160] [161];
Q = (Ti-Te)(V+ΣAU)

(24)

Where Q is the total heat required to heat the room. Ti is the room index temperature,
which may be considered the driving mechanism to achieve a steady state heat loss
until the system reaches an equilibrium ambient/base temperature (Te). This
mechanism in this model may only be facilitated by either ventilation (V) or
conduction loss (ΣAU).
For this particular model it is assumed that there is no ventilation, since it is only the
energy efficiency that is of interest to the study. It is therefore assumed that the
‘internal’ heating is homogenous and constant for simplicity. The time taken for the
energy input by the heat source was calculated through simple rearrangement of
power, thermal conductivity, and specific heat equations. Specific heat values were
taken from existing work [162]. The heat flow was then used to find the lag time
between the ‘internal’ and ‘external’ parts of the system and hence possible annual
consumption.
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3.22 Photocatalytic Potential
Aim: to evaluate the self cleaning properties of treatments through the assessment of
contaminant breakdown during UV exposure via WCA modification
Background:
Testing is based upon BS ISO 27448:2009 [163].
Apparatus:
1 x Black-light fluorescent lamp peak wavelength 351nm and blue glass (Eterna
Lighting, Model; D126 (T8) 18W max)
Stand for light.
Distilled water; Reagent (0ppm contaminants)
~50ml Oleic acid assay 70.0wt% (60.0wt% min required)
Test samples
3ml pipette
Non-woven cloth
Radiometer 2.0±0.1 mW/cm^2 (QLab; CR10 used)
Water contact angle (WCA) machine (KSVLtd; CAM 101 used).
Scientific scales accuracy ±0.01g
Method:
1. Calibrate lamp to emit 2.0mW/cm2 onto samples.
2. Test the WCA of samples before and after oleic acid treatment.
3. Treat samples with oleic acid with a coverage of 20mg ± 2.0mg achieved by
rubbing with a non-woven cloth oleic acid into the substrate while weighing
continually.
4. Place samples under lamp and take readings over time.
5. When WCA readings after three successive readings fluctuate below 3°, stop
experiment.
6. Calculate the final WCA by averaging the final three results.
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3.23 Biofouling Study
3.23.1 Overview
In order to ascertain the performance of the nanoparticulate treatments, a culture
streaming study was conducted. The principle of the culture streaming test is as
follows; water containing algal culture was pumped onto mortar samples hung on a
rack inclined 45° inside a tank. The culture that was not retained by the mortar would
then run off back into the tank base and then be recycled.
3.23.2 Mortar Preparation
The mortar samples used for the culture streaming study are defined in Table 8.
Table 8: Emulsion descriptions

Abbreviation

Treatment Description

TC
EC
EZ
ET

Mortar control (no treatment)
Control emulsion (no nanoparticles)
Zinc oxide emulsion
Titanium dioxide emulsion

Nano-particulate
incorporation (wt%)
N/A
N/A
<0.1
<0.1

Testing was carried out on mortar slabs (17cm x 27cm x 2cm). Due to easier mould
removal and better surface finish a 3:1 sand-to-cement mortar was selected over a 4:1
mortar. Water/cement weight ratio was relatively high, 0.6, as a study conducted by
Giannantonio et al. [164] showed that higher ratios produce more porous substrates,
making them potentially more susceptible to biofouling. The mortar was put in
wooden preforms using a float and left for three days to cure. The samples were then
removed and left to dry for a week. Each sample was treated using a pre-wetted brush
with 40g of emulsion and allowed to cure for another week. Additionally, plastic rods
were attached to the top rear of each culture streaming test sample using epoxy resin
so that these could be mounted inside the rig; samples were left for 24 hours before
installation.
3.23.3 Culture Streaming Setup
Water containing algal culture was pumped onto mortar samples placed on a rack
(inclined at a 45° angle) inside a tank. The culture that was not retained by the mortar
was collected in the tank’s base and then recycled. Prior studies were used as the basis
for the test design [165,166,167,168,169]. The system consisted of a 179 x 60 x 70cm
acrylic tank containing a double pitched acrylic rack. A 45° pitch was used to allow
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the culture the most contact time on the mortar. Internal parts of the tank were joined
by polycarbonate glue first and then sealed using marine sealant containing no
biocides. Two 36W 150cm fluorescent lights were bolted to the tank sides at a point
where light would be equidistant from the surface of the samples to be tested. Above
these, two 36W 120cm UV-B lights were added to represent UV influence on fouling
and the treatments to be tested. The top of the tank was not hermetically sealed,
however it was covered by aluminium foil to help focus light sources on the samples
and culture. Two 300W aquarium heaters were placed in opposing corners of the tank
and set to 25°C. Two magnetic stirrers were placed approximately 45cm in from each
end of the tank. These stirrers were used to help reduce settling and consolidation of
algal matter. 6cm plastic coated magnets were set to rotate to form a vortex in the
125L of culture used during the study. In order to place stirrers under the tank, a
wooden stand was constructed. Figure 19 to 21 show rig setup and mortar sample
placement.

Figure 19: Simplified schematic representation of antifouling rig setup (a) side view, (b) front view
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Figure 20: Front view of culture stream chamber

Figure 21: Mortar samples during testing

5 mortar samples of each type were hung on the rack. Above the samples an 8mm
diameter plastic rail containing 1.5mm holes every 20mm was mounted on plastic
supports attached to the rack. The distance from the rails to the sample surface was
approximately 15cm and designed to allow water to fall approximately 2-3cm from
the top of the sample. The tank contained two 1400L/h 24W water pumps. Each
pump was attached to both rails at either end using T-connectors. At one end two
remote probes of a data logger (TR-74Ui; T&D Corporation) were mounted onto one
of the rail stands. The remote data logger measured light illumination, UV irradiance,
temperature and humidity during testing. This was setup to record data every 10
minutes over the eight week testing duration. Water was sprayed for 90 minutes every
12 hours for the duration of testing. The lights for this period were turned on at the
start of the first streaming cycle and turned off at the finish of the second. The rig was
set up in a large wooden frame that was covered with black-out cloth to reduce
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external influence. Every week periodic scans were conducted using an Epson 1250
Photosmart scanner. These images were then used to assess changes in colonisation
kinetics of each sample. Scanned images were transformed into 8-bit greyscale
images containing a range of 0 to 256 possible intensities; dark to light respectively.
A histogram of each image was then calculated using imaging software (IRIS;
Christian Buil) which helped identify any change in colour during the study. Changes
in colour would alter the produced histograms, allowing a percentage difference to be
calculated during testing. Different imaging software (ImageJ; Wayne Rasband) was
used to assess surface growth coverage due to its ability to calculate area as a
percentage. After assessing the samples and standard practice in the literature, it was
thought prudent that a similar threshold value to the one stated by De Muynck et al.
(2009) should be used [168]. Thus, growth area was assessed by simplifying each
greyscale image using a 138 threshold value and then calculating the difference in
pixels as a percentage.

3.24 Algal Source & Propagation
The culture used for streaming comprised of algae collected locally from ‘Canoe
Lake’ in Portsmouth, UK. The initial concentration of contaminant collected locally
before testing was 0.52wt% (dry weight). Scanning electron microscopy (SEM) was
used to visually identify the types of algae used; sample preparation is given in
section 3.10. Results from this testing indicated that blue-green algae along with green
algae was present with common forms identified as Volvox, Chlorella, Aphanothece
and Pleurococcus surrounded by various primary bacteria and protozoa (Figure 22)
[170]. Collected algae were used in the culture streaming study to help provide a
realistic representation of possible biofouling.
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Figure 22: Clockwise from top left; Volvox (green algae), Aphanothece (blue-green algae), Chlorella (green
algae), and Pleurococcus (green algae)

Bold basal modified freshwater medium (BBM) as a 50x concentrate solution, was
purchased from Sigma Aldrich Co LLC. BBM was used during dilution of cultures to
0.05vol%. The initial algae solution retrieved for this study was approximately 2L.
Dilution of culture by half the volume with distilled water occurred every 5 days
during growing to help increase culture volume and sustain growth rates. Algae were
grown in a photo-bioreactor with a 60L capacity as shown in Figure 23.
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Figure 23: Photo-bioreactor during use

During this growing process culture was placed in 2L plastic bottles with an air
diffuser in each and stood next to two 30W fluorescent lights in the photo-bioreactor.
Remote probes (TR-74Ui; T&D Corporation) were placed at the same distance the
bottles were from the light sources (4cm) and the following average data was
produced for a 5 day cycle: Illumination; 10840.8Lx, UV irradiance; 0.0250mW/cm2,
temperature; 32.9°C, and relative humidity; 20.7%RH. The air diffusers were used to
help produce uniform growth and reduce settling which may have denatured
concealed algae. Two 3.5W air pumps provided 180L/h each to the system equating
to approximately 12L/h air supply per bottle. Bottles were capped with aluminium foil
to reduce contamination during this period. Once 60L of culture had been grown by
this process it was added to the culture streaming tank and diluted with distilled water
and 500ml of BBM concentrate to make up the 125L total volume used for testing.
During testing 100ml of BBM 50x concentrate was added each week to the tank
culture to help maintain growth rates.
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Chapter 4: Emulsion Formulation and Optimisation
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4.1 Pilot Study – Volume Fraction
The aim of the pilot study was to find the optimum oil to water phase ratio through
gravitational stress testing. A co-surfactant system using two alcohol ethoxylate nonionic surfactants was used to help determine this. N237(90), N233, and BAC 50
(Alkyl Dimethyl Benzyl Ammonium Chloride) were referred to as surfactant A, B,
and C.

Surfactant C was used to assess if cationic surfactant would make any

difference and was incorporated with surfactant B. Sample descriptions used during
testing are given in Appendix A. For the first volume fraction study 2wt% of
surfactant components (at varying ratios) was used to assess stability at different
phase ratios. For the second volume fraction study 2wt% and 4wt% of surfactant
components (at varying ratios) were used to assess stability at different phase ratios.
Testing initially examined volume fractions of two similar silane materials to assess
any difference between similar molecules (n-isooctyltriethoxysilane 95%, and noctyltriethoxysilane 97%; ABCR). Testing was then conducted with one of these
silanes and compared to a longer polymer chained siloxane with hydroxyl
terminations (PDMS 3500cSt; ABCR). Emulsions were produced by homogenising
oil and surfactant together at 35,000rpm for 1 minute. This was followed by 2 minutes
of homogenisation at 35,000rpm where the water was added at 7ml/min. Finally the
emulsion was mixed for a further 2 minutes at 35,000rpm. Samples were then
centrifuged at 3000rpm in a centrifuge with an arm radius of 0.1m for 1 hour.
Figure 24 shows that there is an increase in stability of both silane emulsions tested up
to roughly a 80:20wt% ratio of oil to water respectively (a phase dilution test showed
an O/W system produced during the pilot study). This shows that these emulsions
seem to follow the power law ratio and described practices [119]. Since both silanes
are similar in chemical structure and have similar characteristics it was thought that a
different oil phase should be tested to assess this further. In addition, surfactant
concentration and type were also used to validate that it was solely a physical
mechanism causing destabilisation to these emulsions. The ionic surfactant tested
against non-ionic surfactants provided no overall difference in outcome of the
physical stress test as did the different silane used. In addition, concentration of
surfactant had no bearing, showing that there was enough surfactant to adequately
stabilise these emulsions and that electrostatic or steric stabilisation produced by the
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various systems tested also did not alter the destabilisation characteristics produced,
thus differences in density and droplet size should be the determining influence on
stability of the emulsions produced as described by Stokes law [117].

Figure 25 shows that there is an increase in stability of both silanes tested up to ca.
80:20 weight ratio of oil to water respectively. It should be noted that due to the small
volume of the test the n-isooctyltriethoxysilane anomalous result may be due to
systematic measurement error(testing was conducted in triplicate). Both sets of results
seem to show that the oil phase characteristics does not affect 80:20 ratio stability
optimisation, however, the PDMS seems to be slightly more stable at higher ratios.
This may be due to the density of the PDMS tested being 0.98g/cc compared with the
silanes 0.9g/cc, and the increased energy required to move larger molecules. Polymer
entanglement may also reduce movement of phases, reducing separation exhibited.
The cause for the destabilisation above 80wt% oil in both silane and siloxane tests is
attributed to film drainage in the continuous phase. A lack of excess water in between
droplets allows film drainage under stress, which is followed by coalescence due to
micelle-micelle interference and rupture. Results show that creaming may be reduced
by using an oil phase with similar density characteristics as the water phase, while
retaining adequate water in the continuous phase to reduce coalescence potential.
Figure 26 shows the similar phase attributes are achievable at larger concentrations of
surfactant, thus showing that surfactant concentration was not the determining factor
in testing at 2wt% surfactant concentrations with regard to phase separation. This
helps verify that the observed destabilisation was due to the phase ratio characteristics
of prepared emulsions. This means that in to prepare a stable emulsion of the tested
phases, an 80:20 weight ratio of oil to water would be the most suitable regardless of
surfactant concentration.
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Figure 24: Phase ratio stability results
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Figure 25: Phase ratio stability results at 2wt% surfactant concentration
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Figure 26: Phase ratio stability results at 4wt% surfactant concentration

4.2 Optimisation of Surfactant
4.2.1

Surface Tension – Pendent Drop

Elongation/shape of the droplet during the pendent drop method is due to two
determining influences gravity and surface tension. Therefore if the drop shape can be
determined, so can the surface tension value [160]. 5 samples were assessed for each
test and averaged.
The aim of this study was to assess the surface tensions of major emulsion phase
constituents using the pendent drop method. From this an assessment of the difference
between surface tensions of these phases could be made. In addition to distilled water
and n-isooctyltriethoxysilane, ethanol was tested to assess its impact on the oil phase
which contained ca. 5wt%.
Results are shown in Tables 9 to 11. From these it was found that the distilled water
used has a relatively high surface tension compared to the silane and ethanol. It stands
to reason since it has a higher availability of OH groups at the interface for hydrogen
bonding; helping to retain the droplets structure.
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Silane had a lower surface tension to the ethanol since ethanol has a greater
proportion of OH groups per unit volume and thus has a higher surface tension. Since
silane has a hydrocarbon tail, this reduces surface tension due to diminished polar
activity. Both ethanol and silane therefore have similar surface tensions. This means
that both should be miscible in each other.
A reading from a mercury thermometer showed testing was carried out at 25±1°C.
Figure 27 shows an example of fitting by the Young-Laplace model during testing.
Phase values used during testing are stated in Appendix B.
Table 9: Distilled water surface tension results

Test
Number

Mean Surface
Tension (mN/m)

Standard Deviation of
Surface Tension
(mN/m)

Mean Droplet
Volume (microL)

Standard Deviation of
Droplet Volume
(microL)

1
2
3
4
5
Average

71.52
70.11
70.92
70.85
71.27
70.93

0.25
0.07
0.30
0.19
0.13
0.19

11.06
11.98
11.49
11.84
12.52
11.78

0.01
0.01
0.02
0.01
0.02
0.01

Table 10: Ethanol surface tension results

Test
Number

Mean Surface
Tension (mN/m)

Standard Deviation of
Surface Tension
(mN/m)

Mean Droplet
Volume (microL)

Standard Deviation of
Droplet Volume
(microL)

1
2
3
4
5
Average

23.76
24.16
25.68
24.28
22.19
24.02

1.05
0.94
1.82
1.83
1.41

4.85
4.99
4.98
5.03
5.01
4.97

0.09
0.05
0.09
0.05
0.07

Table 11: n-Isooctyltriethoxysilane surface tension results

Test
Number

Mean Surface
Tension (mN/m)

Standard Deviation of
Surface Tension
(mN/m)

Mean Droplet
Volume (microL)

Standard Deviation of
Droplet Volume
(microL)

1
2
3
4
5
Average

23.59
23.13
23.65
23.73
24.36
23.69

0.05
0.01
0.10
0.05

4.50
4.47
4.52
4.43
4.45
4.48

0.00
0.00
0.00
0.00
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Figure 27: Pendent drop; Young/Laplace fitting of distilled water

4.2.2

Surface Tension – Wilhemy Plate

In order to assess the extent surfactants used during the study reduced interfacial
tension as well as the minimum required for micelle formation, tensiometry was
conducted using the Wilhemy plate method. Different surfactant ratios and
concentrations were assessed in deionised water to assess micelle formation points
and impact on surface tension. From the pendent drop experiment the average surface
energy for distilled water and n-isooctyltriethoxysilane was 70.93mN/m and
23.69mN/m. From this study POE (15) had a reduced surface tension of ~41mN/m
and POE (60) ~50mN/m. In addition to this the 1:1wt% mixture of POE (15/60) had a
reduced surface tension ~42mN/m. So the surfactants reduced the surface tension of
water (~71mN/m) but not enough to meet the n-isooctyltriethoxysilane surface
tension, one of the major constituents in the studied emulsions. Thus, either constant
input of energy and/or an additional stabiliser is required by the system. Alternatively
a different surfactant system may minimise this difference.

It was estimated that the CMC points were 0.0064g/ml, 0.00036g/ml, and N/A g/ml
for the POE (15), POE (60) and POE (15/60) respectively. POE (15/60) needed more
points in a different range to accurately assess the CMC point. When comparing
surface tension and concentration of all three samples as shown in Figure 28 it is clear
79

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

that POE (60) is not reducing surface tension as well as the POE (15). However
rheological benefits as well as reducing temperature sensitivity of the emulsion may
be of importance. In addition, POE (60) does not seem to modify the POE (15/60) as
much as the POE (15). Thus, from adding small quantities of POE (60) beneficial
thermodynamic stability and rheological modification may theoretically be achieved
with little compromise of surface tension. This therefore helps to characterise and
formulate the emulsion system.
Table 12: POE 15 CMC results

Sample
no
1

Vol H20
(mL)
30.00

Vol Det
(mL)
0.05

Total Volume
(mL)
30.05

Wt of Detergent assuming
10% Conc (g)
0.005

Concentration
(g/ml)
0.00017

2

30.00

0.15

30.15

0.015

0.00050

3

30.00

0.45

30.45

0.045

0.00148

4

30.00

1.50

31.50

0.150

0.00477

5

30.00

3.50

33.50

0.344

0.01028

6

30.00

7.00

37.00

0.690

0.01865

7

30.00

13.00

43.00

1.286

0.02991

8

30.00

19.00

49.00

1.877

0.03831

9

30.00

21.00

51.00

2.085

0.04089

Table 13: POE 60 CMC results

Sample
no
1

Vol H20
(mL)
30.00

Vol Det
(mL)
0.05

Total Volume
(mL)
30.05

Wt of Detergent assuming
10% Conc (g)
0.005

Concentration
(g/ml)
0.00018

2

30.00

0.15

30.15

0.015

0.00051

3

30.00

0.45

30.45

0.041

0.00134

4

30.00

1.50

31.50

0.148

0.00471

5

30.00

3.50

33.50

0.345

0.01029

6

30.00

7.00

37.00

0.691

0.01866

7

30.00

13.00

43.00

1.283

0.02984

8

30.00

19.00

49.00

1.869

0.03814

9

30.00

21.10

51.10

2.114

0.04137
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Table 14: POE (15/60) CMC results

Sample
no
1

Vol H20
(mL)
30.00

Vol Det
(mL)
0.05

Total Volume
(mL)
30.05

Wt of Detergent assuming
10% Conc (g)
0.005

Concentration
(g/ml)
0.00017

2

30.00

0.15

30.15

0.015

0.00049

3

30.00

0.45

30.45

0.043

0.00142

4

30.00

1.50

31.50

0.150

0.00475

5

30.00

3.50

33.50

0.345

0.01030

6

30.00

7.00

37.00

0.689

0.01862

7

30.00

13.00

43.00

1.277

0.02970

8

30.00

19.00

49.00

1.899

0.03875
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Figure 28: Comparison of surfactant surface tension vs concentration

4.2.3

Rheology of POE (60) in Emulsion

To help identify the CMC point and to assess what impact POE (60) had on
rheological alteration to the emulsion, rheological study was conducted using a cone
and plate rheometer configuration. Sample definitions are given in Appendix C; Table
42.
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Average Zero-Rate Viscosity (Pa.s)
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Figure 29: Average zero-rate viscosity of emulsions with different POE (60) concentrations

Zero-rate viscosity results derived from the Cross model are shown in Figure 29. It
shows that around 0.3wt%, the emulsions have the highest viscosity at rest. Below
this point viscosity is increased as micelles are being partially formed, and the extent
is dependent on concentration. This continues until the micelle forms in the
polydispersed system providing the greatest shear resistance. Above this
concentration, surfactant aggregates around the siloxane present (7.5wt%) reducing
solubility and networking; minimising viscosity by increasing drainage potential.
From these results it shows that less surfactant in silane/siloxane emulsions is desired
and supports work carried out by other parties on polymer complexation [171] [172].
Further work in this field would be required to characterise this process in more detail
however results do verify the requirement for low and precise concentrations of
surfactant in the emulsion formulations. Formulations were not tested above 0.5wt%
as emulsions become a semi-solid gel at 0.6wt% and above that broke up under shear;
thus unsuitable for the desired application. The reason for this gellation due to low
concentrations is attributed to the branched nature and extensive size of the
surfactants polar groups. In addition, after application it also had detrimental surface
energy characteristics for water repellent treatments, thus limiting the surfactants
concentration to 0.5wt% and below.
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4.3 Optimisation of Emulsification Process
4.3.1

Overview

In order to produce the emulsions presented in this thesis without other additives,
emulsions were prepared through the following method;
1) Oil and surfactant were placed in one container, and water in another
container.
2) Both containers were heated in a water bath at 90°C until the surfactant
melted.
3) Once the surfactant was melted and without agitation, water was added
quickly and again without agitation.
4) A high shear homogeniser was used at 35,000rpm at the phase interface to
create a high concentration area of emulsion. This then was quickly expanded
using the homogeniser to prepare an initial emulsion.
5) To control stability and uniformity, the emulsion was then quickly mixed for
two minutes at 11,000rpm. This produced a ‘base emulsion’ to which siloxane
and nanoparticulates were then mixed at varying degrees depending on the
scenario tested.
The reason for this study was to optimise stability and rheology of the emulsion
system at the later stages of processing. Droplet size, distribution and processing will
affect the final emulsions shelf life and application behaviour and thus optimisation
and characterisation of such is of interest during emulsion formulation. To achieve the
characterisation for these stages, turbidity, droplet morphology, and physical stability
was assessed according to the method stated in Appendix D: Emulsification
Optimisation. Results are also show in this section with regard to mixing times and
mixing speeds. This section deals with sub-sections (4) and (5) and the impact of
altering mixing times. It should be noted that the temperature mentioned in section (2)
and the water addition rate was studied in an earlier pilot study which highlighted this
method as a suitable procedure to make these particular emulsions. It should also be
noted that the process optimised here relates to the production of 100ml of emulsion
at one time using specific equipment. Furthermore, that scaling up of such process or
using different equipment would strongly affect the final emulsion. Finally, any
variation with regard to materials incorporated will also affect the optimisation of
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processing, and for this reason only highlighted points have been included within this
study.
4.3.2

Colloidal Nanoparticulate Incorporation into Base Emulsion
Optimisation

The aim of this study was to evaluate the mixing time required to incorporate 10wt%
titanium dioxide and 10wt% colloidal dispersions into the base emulsion. For results
see Appendix D Section A.
4.3.3

Siloxane Mixing Time

The aim of this study was to evaluate the effect of mixing on the studied emulsions
with respect to the stability and homogeneity of the emulsion. To minimise the
possibility or extent that destabilisation was due to siloxane influence on the base
emulsion at mixing times <0.1wt% hydrophilic fumed silica was incorporated into the
base emulsion. Hydrophilic fumed silica was used as the majority of the particle will
be present in the continuous phase and thus alter stability though streric mechanisms.
From earlier studies it was found that small quantities of fumed silica were effective
at stabilising the base emulsion. Thus to reduce variables from the exclusion of
nanoparticulates in the emulsion this was used in their place. For results see Appendix
D Section B.

4.4 Siloxane Incorporation and Optimisation in Base Emulsion
4.4.1

Overview

During the study, a siloxane with hydroxyl end terminations was used. The study
shows that hydroxyl terminated siloxanes may take over from more conventional
methanol producing siloxanes in the emulsions studied, creating a more
environmentally and user friendly system. Sample descriptions are given in Appendix
D Section C.

4.4.2

OH Terminated Polydimethylsiloxane

Three different viscosity hydroxyl terminated siloxanes were evaluated in the
following tests to assess its suitability in silane/siloxane aqueous emulsions.
Conventionally, amino-functionalised siloxanes are used in emulsion systems due to
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their efficacy at bonding. During curing however, the majority of amino-functional
siloxanes produce a methanol by-product, which is considered toxic. However,
similar hydroxyl functionalised alternatives produce water as the by-product [171].
Both silane and siloxanes having ethoxy and hydroxyl functional groups respectively
and therefore may form three dimensional interpenetrating networks through
hydrogen bonding to masonry and wood [43] [44]. Thus, there is substantial interest
in hydroxyl functionalised siloxane emulsions as a safer, more eco-friendly
alternative.
4.4.2.1 Physical Stressing
Stability of an emulsion is critical for its performance and shelf-life. Emulsion
instability may lead to premature curing as silane and siloxane components react with
the water phase to cure, and therefore reduce the active content of material that could
be used effectively for facade protection. Macro-emulsions are influenced by
gravitational stressing, and hence emulsions were tested to assess physical ageing
[117].
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Figure 30: Mean physical stress results for 3,500cSt siloxane

Figure 30 to Figure 32 show a general increase in destabilisation with time for higher
PDMS concentrations and viscosities respectively. The 3,500cSt PDMS emulsions
showed less separation than the longer chained siloxane emulsions for the same
concentrations. It is suggested that when siloxane is incorporated into the base
emulsion, it forms a ‘second’ oil phase. Since the surfactant, which is present in very
small quantities (<0.5wt%.) is already adsorbed on silane droplets, it does not play a
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significant role in the stabilisation of the newly formed siloxane phase. Instead, the
highly flexible PDMS chains expose their OH endings to the water phase and
effectively cover the drop with polar groups, similar to a micelle. Unfavourable
interactions are hindered as the hydrophobic part of the chain is hidden inside the
droplet, which lowers the total energy of the system. Effectiveness of this specific
spatial orientation is reduced for longer chain lengths due to a lower quantity of
terminations present: 3,500cSt PDMS; 0.08wt% OH, 50,000cSt PDMS; 0.03wt% OH,
90-120,000cSt PDMS; 0.02wt% OH. In addition, longer-chained PDMS tends to form
larger oil droplets than shorter-chained alternatives. At higher concentrations PDMS
cannot be contained in droplets and the excess siloxane enters the continuous phase,

Average Phase Separation Percentage (%)

altering the emulsions’ rheological characteristics, and hence its stability.
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Figure 31: Mean physical stress results for 50,000cSt siloxane

Droplet size is known to be one of the major factors affecting the stability of
emulsions, with higher stability expected for smaller droplets [172]. Smaller droplets
are more stable in the emulsion attributed to favourable interactions between the water
and the polar surface layer of the PDMS droplets, as well as having reduced slipping
potential. Hence the reason higher concentrations of short 3,500cSt PDMS chains
exhibited an increase in emulsion stability. Conversely, longer-chained PDMS
emulsions exhibited reduced stability with time and increasing concentration, due to
larger droplets and less favourable interaction potential. Figure 31 and Figure 32 show
longer siloxane chains are less stable due to less OH terminations and larger droplet
sizes, and thus are more prone to coalescence and separation. Therefore, for longer
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chains, separation between phases occurs sooner and to a greater extent, providing a
more pronounced trend at higher concentrations.

Average Phase Separation Percentage (%)
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Figure 32: Mean physical stress results for 90-120,000cSt siloxane

Complexation of polymer-surfactant systems is known to alter the stability and
rheological

characteristics

of

colloidal

systems.

Above

critical

aggregate

concentration (CAC), surfactant is thought to effectively stabilise primary oil droplets,
with the addition of polymer at sufficient concentrations allowing complexation to
commence. Polymer functional groups may fill gaps in micelles, reducing interfacial
tension from exposed hydrophobic regions that are still accessible. Figure 33 shows
that the absorbed layer thickness (δ) of polymer at the micelle interface with siloxane
increases until a ‘critical’ concentration is reached. After exceeding this, the excess
polymer is suspended in the continuous phase. At greater concentrations, this ‘third’
phase of siloxane becomes the continuous phase [119] [173]. Figure 33 suggests that
δ surface area exposed for inter-micelle interaction can change with polymer content.
Greater possible interaction between micelles, through long range forces and hydroxyl
bonding of the surfactant head groups, may be achieved until a maximum surface area
threshold is reached. Polymer aggregates may form networks with micelles in the
continuous phase until free siloxane micelles become segregated. It has been reported
that below a critical concentration, emulsion rheological characteristics are attributed
to the microscopic properties of the system. Above this concentration, rheological
characteristics are attributed to both the morphology of droplets and dispersed phase
networking [174]. These findings confirm that the concentration of siloxane is crucial,
87

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

the faster separation observed for higher viscosity siloxane emulsions, highlight the
necessity for optimisation [131].

Figure 33: Schematic representation of polymer/surfactant complexing in O/W emulsion; (a) polymer
aggregation on emulsion drops, (b) increased aggregation by siloxane, (c) critical micelle concentration
(CMC) surpassed, free siloxane in continuous phase (d) coalescence of siloxane producing a discrete third
phase

4.4.2.2 Thermal Stressing
Thermal stressing is attributed to the environmental conditions in which the emulsion
will be stored and transported. Emulsions must be able to withstand more diverse
conditions than conventionally expected in order to provide assurance that they will
be effective at the point of use. The testing scenario therefore attempted to replicate
reported extreme European weather conditions to assess stability effectively.
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Figure 34: Mean thermal stress results

Figure 34 shows the average phase separation produced after a thermal stress cycle.
Observed instabilities are in accordance with the theory stated prior. Longer
continuous chains are less soluble, and consequently have different rates of expansion
than shorter PDMS chains. Since the siloxanes tested have different characteristics,
they exhibited dissimilar thermal mobility and the rates of stressing varied for
different PDMS viscosities. Lower viscosity siloxanes with shorter chains can adapt
faster to thermal stresses compared with those of higher viscosity. In addition, longerchained siloxane forms a less networked structure, thus the emulsion becomes more
susceptible to temperature changes, and hence less stable.
4.4.2.3 Rheology
Rheological scrutiny of such emulsions can provide an insight into the morphology of
an emulsion and the extent of networking occurring in a quantitative manner.
Viscosity, yield stress and ratio index numbers were all assessed to help determine
how siloxane affected emulsion characteristics.
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Figure 35: Mean zero rate viscosity

Figure 35 shows the viscosity increases with concentration, implying that the excess
siloxane at higher concentrations moves into the continuous phase either in a partial
or discrete manner. The viscosity of 3500cSt PDMS emulsions negligibly increased
even for very high siloxane concentrations, showing good stability of PDMS droplets.
Conversely, longer-chained PDMS emulsions showed a substantial increase in
viscosity above 30wt%, indicating the inclusion of siloxane in the continuous phase.
The siloxane present would act to reduce mobility of smaller molecules through
association and hence increase emulsion viscosity substantially.
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Figure 36: Mean yield stress
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Figure 36 shows that yield stress increases sharply above 15wt% concentration, which
is in good agreement with the literature. Highest yield stress values were measured for
3500cSt PDMS emulsions. The least viscous siloxane formed smaller micro droplets,
which essentially increased the viscosity of the emulsion and thus made it less
deformable [172]. Due to their size and inter-chain entanglements longer PDMS
chains arranged in larger aggregates, which at higher concentrations group into
discrete regions creating a third phase, decreasing the stability of the emulsion and
provided a lower resistance to deformation. Measurements confirmed the general
trend, but also revealed an unexpected behaviour for the emulsions with low siloxane
content. At 7.5wt% of siloxane, the yield stress suddenly increased, only to drop again
for further increase in concentration. This phenomenon was attributed to steric
interaction between micelle polymer aggregates. Since the increase in siloxane
content may restrict inter-micelle long range interaction through increasing interfacial
density, this explains the effect of yield stress diminishing. The micelle at 15wt%
showed that the interface had less interaction potential due to more uniformity from
micelle saturation, and discrete free siloxane may in addition help increase micelle
segregation and slipping potential. As the chain length increased in this region
(50,000cSt), long-range interactions were diminished and a negligible increase in
yield stress was observed. Longer chained siloxane showed steric behaviour on silane
micelles and network formation. This suggested that discrete networking between
PDMS domains had little strengthening effect for longer chains at low concentrations,
and diminished considerably with further increase in concentration. This was
attributed to increased micelle segregation occurring.
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Figure 37: Mean ratio index

Figure 37 shows the mean ratio index number of each emulsion. The index is used to
quickly assess if the rheology is Newtonian (1), shear thinning (<1), or dilatant (>1) in
nature [175]. It may be clearly seen that as the values are all less than one, all
emulsions produced had shear-thinning properties. The higher viscosity siloxanes at
higher concentrations were more inclined to produce a shear-thinning emulsion,
which seems reasonable as they could provide less discrete third phases compared
with the lower viscosity siloxanes. Conversely, the 3500cSt siloxane emulsions
seemed to tend toward Newtonian behaviour at higher concentrations, which may be
explained by the high concentration of surface OH groups effectively reducing
slipping potential, providing a more uniform phase interactive emulsion.

4.4.2.4 Water Contact Angle
The beading behaviour of a facade treatment is of key interest for water repellents. If
water stays on the surface of masonry over time, it gets absorbed through capillary
action into the substrate, significantly reducing thermal efficiency.
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Figure 38: Mean water contact angle results

Figure 38 shows that the addition of siloxane increases the hydrophobic tendency of
the treated substrate, and increased proportionally with chain length. An increase in
hydrophobicity was also observed for higher PDMS concentrations. It is suggested
that less hydroxyl terminations present decreased the number of polar regions
throughout the treated substrate. Therefore the proportion of hydrophobic domains
increased with longer chain length and concentration, and hence the water is repelled
from the surface more effectively. It seems clear that it is the chemical nature of the
siloxane itself that is the limiting factor when improving the substrate’s hydrophobic
tendency and not interfacial roughness, due to diminishing WCA improvements for
increased chain length.
4.4.2.5 Treatment Depth
Treatment depth is of great interest in assessing the effectiveness of a treatment’s
performance against rising damp and water absorption. A treatment that penetrates
deep into a substrate is also less susceptible to degradation and allows longer
protection than a coating or a film.
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Figure 39: Treatment depth test examples; (left) no treatment (middle) semi-penetrated treatment (right)
total penetrated treatment

Figure 39 shows various treatment depth test examples compared to the control crosssection (shown to the left of each). The tile with no treatment shows hydrophilic water
filming tendency after submersion. The semi-penetrated treatment tile shows a dark
patch in the centre compared with the control, showing the effective depth of the
treatment. Finally the tile with total treatment penetration shows water beading on the
surface across its entire cross-section. These attributes therefore made it relatively

Average Treatment Depth (mm)

straight forward to assess the effective treatment depth.
14
12
10
8
6
4
2
0

Figure 40: Mean treatment depth results

Figure 40 shows that a significant treatment depth can be achieved with a single
application, however it is dependent upon siloxane chain length and concentration.
For higher viscosity siloxanes penetration depth was reduced, while increasing PDMS
concentration was also found to have a similar effect. The ceramic tiles had an
average thickness of 12mm, therefore some results in Figure 40 exhibit total
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penetration. These results need to be considered with discretion, as the porosity of
substrates will not be the same; a brick may have a porosity of 23wt% compared to a
7wt% terracotta tile. It also assumes that the substrate is homogenous and does not
have any glassy vitrified regions or different pore diameters that could invalidate such
a test. The force of application may vary, as well as the viscosity of the emulsion
depending on its history. However, setting aside these points, the experimental results
revealed that treatment depth is compromised by the type and concentration of the
siloxane used.
4.4.2.6 Spectrophotometry
Aesthetical alteration of a substrate is detrimental to large scale remediation, heritage,
and retrofit projects, since many properties require aesthetical preservation. To assess
alteration in a quantitative manner the CIElab D65/10° method was used.
60

Untreated Tile
0% PDMS
7.5% PDMS 3500
15% PDMS 3500
30% PDMS 3500
45% PDMS 3500
7.5% PDMS 50000
15% PDMS 50000
30% PDMS 50000
45% PDMS 50000
7.5% PDMS 90-120000
15% PDMS 90-120000
30% PDMS 90-120000
45% PDMS 90-120000

Reflectance (%)

50
40
30
20
10
0
400

450

500

550

600

650

700

Wavelength (nm)

Figure 41: Mean colour spectrum
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Figure 42: Visual examples of tested samples

Figure 41 shows that the colour of the control matches the colour of the treatments
tested with only slight variation. Figure 42 shows that treated samples were similar in
colour and gloss to untreated samples, verifying the photospectroscopy results. Table
15 shows that there is a small hue variation≤2(

ΔH*%) associated with the build-up

of siloxane at the interface for higher concentrations and longer siloxane chains, but
this may be considered negligible.
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Table 15: CIElab D65/10° mean colour results

Untreated Tile
0% PDMS
7.5% PDMS 3,500cSt
15% PDMS 3,500cSt
30% PDMS 3,500cSt
45% PDMS 3,500cSt
7.5% PDMS 50,000cSt
15% PDMS 50,000cSt
30% PDMS 50,000cSt
45% PDMS 50,000cSt
7.5% PDMS 90-120,000cSt
15% PDMS 90-120,000cSt
30% PDMS 90-120,000cSt
45% PDMS 90-120,000cSt

L*
51.06
48.62
51.49
50.80
50.86
53.55
51.68
50.37
49.98
48.94
52.44
52.36
50.36
49.57

a*
25.00
24.90
25.21
24.38
24.43
25.03
25.11
24.82
23.91
23.91
23.17
24.54
23.78
22.71

b*
30.98
28.88
30.31
29.11
28.78
30.92
30.03
29.44
27.33
26.23
29.82
28.11
27.53
25.90

ΔE*
64.75
61.79
64.85
63.42
63.34
66.71
64.83
63.41
61.78
60.17
65.13
63.94
62.13
60.37

ΔC*
0.00
2.07
0.66
1.86
2.18
0.07
0.94
1.52
3.62
4.71
1.16
2.86
3.42
5.05

ΔH* ΔH*(%)
0.00
0.00
1.73
0.69
0.39
0.15
1.88
0.74
2.12
0.80
0.03
0.01
0.68
0.27
1.33
0.52
3.68
1.41
5.13
1.85
1.21
0.42
3.22
1.24
3.59
1.31
5.73
2.08

The average gloss value for the untreated control was 1.4Ill/Obs, with all samples
averaging gloss values being between 1.2 to 1.6Ill/Obs. This indicates that the gloss of
the treatments when cured is similar to that of the natural aesthetics of the substrate
before treatment. Thus, a major benefit may be achieved by using these emulsions for
remediation of heritage buildings or buildings requiring aesthetical conservation
without effectively compromising the original appearance.

4.5 Morphological Characterisation
4.5.1

Droplet Size and Distribution

To assess the size and distribution of droplets in emulsions containing metal oxide
nanoparticulates against a control, optical microscopy was conducted for samples
mixed at different durations using a 175W mixer with a blade head after incorporation
of dispersions (made through 1 hour ultrasonication of particulates in 90wt% nisooctyltriethoxysilane). To assess this effectively each emulsion was diluted by 50
%v/v with distilled water. Emulsion descriptions used during the study are shown in
Appendix E, Table 45.
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Figure 43: Average emulsion droplet size results

Figure 43 shows that droplet size is reduced on average (testing was repeated for each
sample) during mixing until ca. 1 minute however after this time mixing is
counterproductive as the formed micelles coalesce and the emulsion destabilises.
Results seem to show that the control emulsion and emulsions containing the metal
oxide nanoparticulates behave in the same manner at <0.1wt% concentration.
Regardless of the emulsion or duration of mixing, Table 45 (Appendix D) shows that
emulsions are polydispersed and thus should be relatively stable. Figure 44 shows an
example of an emulsion during study after applying a 256 bit greyscale filter. The
threshold filter was then applied and droplet characteristics then calculated from this.
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Figure 44: Example of emulsion during optical assessment

4.5.2

Phase Dilution

To comprehend whether an emulsion is oil in water or water in oil by visual means a
phase dilution test may be conducted. A solvent should dissolve miscible continuous
phases; ‘like dissolves like.’ An emulsion may be either oil in water (O/W), water in
oil (W/O) or an emulsion in an emulsion (typically either O/W/O or W/O/W). If the
continuous phase of an emulsion is for example hydrophobic, the placing of a drop of
the emulsion to be tested in oil will show a film of the emulsion being produced
radiating from the drop. If the emulsion drop was placed in water there should not be
any film or drop breakup due to the continuous phase having hydrophobic tendency in
a hydrophilic environment. Emulsion descriptions are given in Appendix E, Table 46.
Figure 45 and Table 16 shows that all emulsions exhibit oil in water (O/W)
characteristics since water dissolves each emulsion and shown by the film produced.
However, in a complex/tertiary system this test would not provide accurate insight
into the true phase characteristics; this method gives only a simplistic understanding
of the exposed continuous phase. However, looking at the microscopy results, no
droplets within droplets were observed thus the emulsions produced are not tertiary in
nature. In addition, the majority of observable phase present is dispersed which would
imply that the emulsion is O/W as the majority of the material present in these
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formulations is silane. To further assess the continuous phase characteristics electrical
conductivity testing was conducted.
Table 16: Phase solubility results

EC
EZ
ET

n-isooctyltriethoxysilane
Solvent
No Film Forms
No Film Forms
No Film Forms

Distilled Water
Solvent
Film Forms
Film Forms
Film Forms

Figure 45: Dilution of samples in n-isooctyltriethoxysilane (left) and water (right); (top) control, (middle)
TiO2, and (bottom) ZnO emulsions

4.5.3

Electrical Conductivity

Microscopy results show that no complex/tertiary emulsions have been produced and
that the major volume of liquid is in the dispersed phase pointing toward an O/W
emulsion. Phase dilution seems to imply that emulsions again are O/W, however to
help complement this and to help understand the type of emulsions produced,
electrical conductivity was measured.
Water should be more conductive than silane due to its polar nature [177]. Figure 46
shows that water is more conductive than neat silane in simple two phase systems. In
addition, results show the majority of the silane is unaltered after mixing in distilled
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water, this was confirmed visually by similar separated volume fractions after mixing
(due to its density). Testing of the top phase showed distinctly little electrical
conductivity which is associated with neat silane. The increased electrical
conductivity of the lower phase with increase in silane present in the system shows
that there is a better potential for silane hydrolysis to occur with the water phase upon
mixing to produce silanol. Due to this reaction, it is suspected that small quantities of
silanol is present in the water phase as it is more miscible and that it is these silanol
groups that help increase the electrical conductivity of the water phase overall due to
the relative size and type of the molecules and their possible structuring within the
solution. As activation energy is required for hydrolysis, processing conditions as well
as environmental conditions will be important variables during this process. In
addition, there needs to be water in specific hydrolysis sites to achieve these reactions
during this mixing process thus a possible stoichiometric effect could explain the
silanol yield increasing with silane content as the large molecules of silane could be
retaining more heat energy within the system for this process.
At lower silane concentrations hydrolysis potentual is reduced through a reduced
probability of ion collisions at active sites over the mixing period; the presents of the
shear energy of the homogeniser and the presents of water and silane together would
have been reduced. Collision time therefore may be a critical factor in emulsion
preparation and stabilisation.
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Figure 46: Electrical conductivity results of silane and water (without surfactant) at different dilutions after
30s mixing at 35,000rpm; top phase was 0µS, results are from turbid bottom phase where applicable.

Figure 47 shows what the electrical conductivity of a typical control emulsion would
be under different silane concentrations through dilution with water. Again even
though a co-surfactant system has been used it appears that the continuous phase is
relatively conductive compared to pure silane and pure water respectively, implying
that silanol is present which is affecting conductivity. This combined with the phase
dilution test (showing water as a solvent to these emulsions compared to silane) and
microscopy (showing large volumes as the dispersed phase implying neat silane)
these emulsions may be considered in simple terms as O/W and not W/O, however
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further testing is needed to fully comprehend the extent of silanol content and
influence on the system.
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Figure 47: Electrical conductivity results for base emulsion at different dilutions with 0.2wt% POE
surfactant

Table 17 shows that it is unlikely that the surfactant used in this study has a
significant influence on emulsion electrical conductivity. Figure 48 shows that for
emulsions containing nanoparticulate colloidal dispersions conductivity increased
with content, this could either be due to silanol present from the silane medium or it
may be due to the nanoparticulates. Since Table 17 shows that the medium itself is a
poor conductor due to the silane being the continuous phase. This knowledge
combined with the results shown in Figure 48 and from previous tests showing that
most of the silane is not reacted to form silanol under the presented conditions; the
majority of the colloidal silane must be absorbed by the emulsion itself. Rheological
evidence shown in a later section (4.4.2.3) that a ‘gelled network structure’ is formed
with viscosity increasing significantly with nanoparticulate colloidal dispersion. It
therefore may be the nanoparticulates and/or silanol influencing the morphology of
the emulsions produced. Further work is recommended to help understand this system
in depth.
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Table 17: Electrical conductivity results for emulsion components
Average Electrical
Conductivity (µS)

Maximum Electrical
Conductivity (µS)

Minimum Electrical Conductivity
Min Value (µS)

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Titanium Dioxide 10 wt%
ITES Colloid
Zinc Oxide 10 wt% ITES
Colloid
POE (15)

26.0
Zinc Oxide Emulsion

Electrical Conductivity (µS)

24.0

Titanium Dioxide Emulsion

22.0
20.0
18.0
16.0
14.0
12.0
10.0
0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

10%wt Colloid Dispersion Content (g)

Figure 48: Electrical conductivity results of emulsions containing various quantities of nanoparticulate
colloids

4.6 Summary
4.6.1

Volume Fraction

Both silanes tested exhibited phase stability results optimised at 80:20wt% phase
ratio. Cationic surfactant did not seem to alter these results, showing head charge of
the surfactant did not alter this. Addition of PDMS to the emulsion did not seem to
stabilise the emulsion but may have fitted the 80:20 weight ratio if it had achieved a
better solubility with the other phases. It would seem from this study that other
systems could be optimised based on this principle, this was confirmed through the
pilot study, were various co-surfactant systems were tested and based on readily
available surfactants (ionic, non-ionic and mixed). However due to them specifically
requiring relatively high concentrations for stabilisation (ca. 1wt%), these results are
not shown in this study. They were found to be detrimental to reduced surface energy
characteristics required for water repellent attributes although robust and highly
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stable.
4.6.2
•

Pendent Drop
Ethanol and silane had similar surface tensions allowing them the potential to
be miscible with one another.

•

Distilled water had a higher surface tension than the ethanol or ITES.

•

Reducing the surface tension through use of a surfactant would help retain
emulsion stability.

4.6.3
•

Wilhemy Plate
POE (15) was more effective at reducing surface tension compared to POE
(60) across a range of concentrations.

•

POE (60) reached CMC at a lower concentration than POE (15).

•

Combining POE (15) and POE (60) increased surface tension slightly more
than neat POE (15); however it might be valid that an improved stability to the
emulsion may be achieved from its addition.

4.6.4

Rheology of POE (60) in Emulsion

Zero-rate viscosity results showed that small quantities of POE (60) did increase
viscosity up to ca. 0.3wt% significantly. Beyond this, it was considered that
complexation between siloxane and excess surfactant reduced solubility and
networking of the system, reducing its stability.

4.6.5

Siloxane Incorporation and Optimisation in Base Emulsion

Rheological characteristics showed at lower concentrations of PDMS droplet
morphology controlled the drainage of the continuous phase and hence the emulsions
overall viscosity and stability. At higher concentrations, emulsions were governed by
a third phase comprising of un-aggregated siloxane that acted to segregate micelles
and govern emulsion stability by modifying the continuous phase viscosity. The cross
over point was considered to be where siloxane-micelle aggregation potential became
essentially zero. The stability of emulsions was governed by the drop size and discrete
third phase networking, again depending on the concentration and the chain-length.
Water-repelling properties characterised by WCA were improved by viscosity and
concentration. This improvement was considered due to the reduced quantity of
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hydroxyl groups available for polar interaction. A general treatment depth trend was
observed, showing a reduction in penetration with the increase in emulsion siloxane
concentration and chain-length. Finally, hydroxyl terminated siloxanes are a
promising solution for exterior facade treatments due to their lack of methanol byproducts, making them essentially greener and safer during application than aminofunctional siloxanes. Treatments evaluated during this study provided water repellent
characteristics and penetrated the substrate without effectively altering the visual
aesthetics. This makes these O/W silane/siloxane emulsions suitable for large scale
retrofit schemes.

4.6.6

Droplet Size and Distribution, Phase Dilution and Electrical Conductivity

All emulsions are polydispersed and therefore help increase stability. In addition, all
emulsions follow traits resembling O/W characteristics with regard to general
morphology, solvent susceptibility and electrical conductivity. It is considered that the
produced emulsions are O/W although it is highly likely that silanol is present in the
aqueous continuous phase. Emulsions are not tertiary in nature as found by the optical
microscopy. Due to the magnitude of evaluation required, the emulsions produced in
this study for simplicity will be referred to as O/W with further work required to
investigate the phase characteristics more in depth at a later point.
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Chapter 5: Nanoparticulate Optimisation and Influence on
Colloidal Dynamics
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5.1 Nanoparticulate Dispersion Optimisation
In order to assess the time required to ultrasonically mix nanoparticulates in ITES,
TEM was conducted. ITES was used instead of water due to being considered that it
would be partially absorbed at the interface of the titanium dioxide allowing better
absorption at the interface of micelles; using Janus particulate principles as discussed
in the literature review. It was considered in addition that since ITES has the ability to
be soluble in water to a certain degree it would also help stabilisation while aiding the
reduction of aggregates through steric interaction. Finally, due to ITES being used in
these emulsions it would mean that it would provide a higher active yield for
emulsions as it would condensate into the 3D interpenetrating networks of the silane
condensates. This should aid better integration of nanoparticulates into the treatment
interface and increase the treatments longevity and reduced leaching. The reason that
ultrasonic mixing was used instead of mechanical stirring was that prior research
showed it as an effective means to disperse nanoparticulates by providing high shear
forces through the expansion and then collapse of voids during processing [17] [53]
[181].
Figure 49 shows that ultrasonic mixing does not seem to reduce the size of the
nanoparticulates but can breakdown aggregates formed in the powdered state. The
results seem to show that ultrasonic mixing for ca. 1 hour may be the most practically
useful mixing time due to problems associated with equipment cooling and thus the
reason for its use within this study. Further work may show with improved rig design
and setup that further aggregation reduction may be possible although solvent
breakdown at higher temperatures may constrain dispersion times. Figure 50 shows
the ultrasonic mixer during use; Figure 51 shows a schematic of the rig setup.
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Figure 49: (From left to right) TEM results (80kV) for 10wt% ITES (Top) Zinc oxide (Bottom) Titanium
dioxide colloidal mixing; 0hr, 0.5hr, 1hr, 1.5hr

Figure 50: Ultrasonic mixer during use
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Figure 51: Ultrasonic mixer rig schematic

5.2 Nanoparticulate Influence on Colloidal Dynamics
5.2.1

Overview

In order to assess the stabilisation mechanisms imparted by nano titanium dioxide and
zinc oxide dispersions in the silane/siloxane emulsions, aggregation mechanisms of
these particulates have to be characterised. This study assessed aggregation through
various means such as transmission electron microscopy (TEM), nitrogen absorptiondesorption isothermal analysis including multipoint Brunauer Emmett Teller (BET)
analysis. From this in conjunction with thermal and physical stressing and rheological
assessment colloidal dynamics were evaluated. Dispersion testing showed these
emulsions were O/W in nature. Emulsion descriptions are given in Appendix F; Table
47.
Results showed that excess dispersive medium did increase slip potential of emulsions
however a significant stabilisation was achieved regardless. It was also found that
aggregation affected stabilisation of emulsions significantly as did the particulate size
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and morphology. From this study it was concluded that incorporation of such
particulates in these emulsions by the method used was beneficial.
5.2.2

Physical and Thermodynamic Stressing

Stability of an emulsion is an essential feature for its performance and shelf-life. Low
emulsion stability may lead to premature curing, reducing its effectiveness. Long-term
stability of prepared emulsions and the effect of gravitational stresses were simulated
by centrifugation, and the results are presented in Figure 52. All emulsions were
tested in triplicate. Thermal effects on emulsion stability were investigated by
replicating extreme European temperatures in order to evaluate properties of
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Figure 52: Degree of separation due to physical stressing for (a) titanium dioxide; and (b) zinc oxide
emulsions.

Results presented in Figure 52 indicate a lower degree of separation for emulsions
containing nanoparticulates compared to that of the control. Due to the small volumes
used during testing, distinct variation between sample results could not be fully
ascertained. However, results confirm emulsions containing nanoparticulates are more
stable than the control. It should be noted that during testing no sedimentation of
particulate material was observed. Additionally, all nanoparticle emulsions were
found to be significantly more resistant to thermal stressing than the control emulsion.
Figure 53 shows more pronounced separation of zinc oxide emulsions, and the degree
of instability was found to be proportional to nanoparticle concentration. Samples
were cycled through a ramp down and up in temperature before being returned to
ambient before each assessment as described in the experimental section. After each
cycle the separation of the emulsions were assessed. Due to the extremes of
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temperatures used and duration of each ramp segment, results show that
nanoparticulates greatly improve the thermodynamic stability. All titanium dioxide
emulsions exhibited virtually no separation over a significant number of cycles,
irrespective of nanoparticulate concentration. Experimental results confirm improved
stability of emulsions due to nanoparticulate addition. Indisputably, the enhanced
stability is a consequence of specific interactions between the metallic nano-oxides
with different emulsion entities, which will be discussed in more detail below. Testing
again was conducted in triplicate and results were practically congruent, with a
percentage error of 1.5% on average.
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Figure 53: Thermal stress phase separation over multiple cycles

5.2.3

Aggregate Shape and Size

Two generally accepted routes for emulsion stability through particulate incorporation
are steric stabilisation due to close packed aggregates, or alternatively, the formation
of bridges between emulsion droplets discretely populated by particulates [125]. The
former requires particulates to be smaller than the droplet in order to stabilise it
effectively. However, in the light of relatively low concentrations of the surfactant
and nanoparticles and high oil content, the latter is a more probable mechanism.
Given the hydrophilic nature of the metallic oxides used, once mixed into an O/W
emulsion it is expected that particles preferentially adsorb at the micelle interface to
fill the ‘gaps’. At higher concentrations excess nanoparticles stay in the continuous
phase, yet flocculate around these micelles. The size and nature of the particles
determine the efficacy of interactions between compatible groups on the micelle
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interface. Both types of nanoparticulates have extensive hydroxyl groups, which allow
for hydrogen bonding with surfactant polar head groups adsorbed at the oil droplet
interface and bridging between discrete oil regions. However, since the emulsion
contains a relatively small optimised amount of surfactant (pilot study and CMC
testing), the favourable hydrophilic interaction between the micelles and the
continuous phase is additionally altered by PDMS chain organisation and
complexation. Hydroxyl terminated PDMS chains expose their polar endings to the
water phase, while keeping the hydrophobic part of the chain efficiently folded and
hidden inside the siloxane droplet above micelle aggregation concentrations [173].
This in turn increases the number of potential sites for favourable hydrogen bonding
with the nanoparticles, which is thought to increase the stability of the oil droplets and
consequently, the overall emulsion stability. As the nanoparticles interact with the
hydrophilic groups on the surface of the oil droplet, they strengthen the micelle
interface and make it less deformable; hence the higher resistance to physical and
thermal stressing.
Figure 54 shows a simplified stabilisation networking mechanism (modified from
[124]). Stabilisation is discussed below but it is considered in general that hydrogen
bonding occurs between the surfactant polar regions increasing its efficacy and
providing separation of the oil and water phases; water molecules essentially make the
polar region bigger and causes a gelled network structure to be produced [135]. Since
nanoparticulates have polar regions they also aid in this network and due to large
surface areas, substantially enhance stability. This effect would not be possible with
standard non-ionic surfactants, due to relatively small polar regions, nor molecules
which do not achieve hydrogen bonding. Water as a liquid essentially has a bound
structure similar to ice and unbound clustered structure at the same time due to
hydrogen bonding. The proportion of each remains constant over time in a constant
environment but the molecules that are bound or unbound change. This means that
emulsions stabilised by this method must be created without contaminants or changes
to pH as these networks would become destabilised [179].
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Figure 54: Schematic representation of stabilisation mechanism

Incorporated zinc and titanium oxide nanoparticles have a mean size of 20nm and
15nm, respectively. In purely theoretical scenario, without any aggregation between
nanoparticles in the emulsion, titanium dioxide is expected to be more effective. The
surface area, SA, of a single spherical particle with a radius r may be calculated as SA
= 4πr2 [17], giving 1257nm2 and 707nm2, respectively; almost 44% difference in
interaction

potential.

However,

aggregation

between

nanoparticles

occurs

spontaneously to a certain extent before they are added to the emulsion, which affects
their properties, and also their role as surface stabilisers.
In order to gain a deeper understanding of the effect of nanoparticle aggregation on
the stability and other emulsion properties, TEM analysis was conducted to establish
the size and shape of the particulates in the emulsion after processing. Figure 55
shows zinc oxide aggregated into more elongated, loosely-packed asymmetrical
particles compared to the titanium dioxide, which formed spherical agglomerates.
Although the emulsions were produced by following the same procedure, and despite
the similar size of both nanoparticles added, zinc oxide aggregated to a larger extent.
The mean geometrical dimension of zinc and titanium dioxide aggregates was
estimated to 120nm and 40nm, respectively. Assuming simple spherical aggregates in
both cases the aggregate surface area is found as 45239nm2 and 5027nm2. Despite
these being very rough and imprecise estimates, the general tendency is clear:
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titanium dioxide is expected to be vastly superior to zinc oxide as an emulsion
stabilizer due to its smaller aggregate size.

Figure 55: (Left) TEM of zinc oxide at 40,000x magnification (Right) TEM of titanium dioxide at 40,000x
magnification

Smaller particle and aggregate size allows a higher degree of interaction at the
interface and better overall incorporation into the emulsion, which is confirmed by the
experimental results. The shape of the particle is the critical but often overlooked
parameter for emulsion properties. Particulates with a smaller aspect ratio would be
more suited, assuming that there were no chemical differences which may alter
micelle stabilisation. A spherical titanium dioxide has a more favourable packing
factor compared to the hemi-spherical zinc oxide. Zinc oxide aggregates formed more
elongated irregular structures, which are believed to have attributed to the somewhat
reduced thermodynamic stability of zinc oxide emulsions compared to more regular
and compact agglomerates of the titanium dioxide. Formation of fractal nanoparticle
structures has been discussed in the literature [176] and references therein; the
specific size and geometrical shape of fractal aggregates reveals the physical
mechanisms of aggregation and allows for characterisation of efficiency of packing
and chemical potential of the aggregate. Relatively large, irregular shape of zinc oxide
fractal aggregates has unbalanced distribution of prospective networking sites on its
surface and therefore, their potential for interfacial absorption and bridging is
significantly diminished. On the other hand, smaller, compactly-packed pseudospherical titanium dioxide aggregates have higher density of networking sites per unit
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surface area and achieve more prominent bonding with other emulsion entities due to
more pronounced surface areas for bridging by surfactant, and consequently stabilises
the interface through monomeric and oligomeric flocculation. Smaller aggregates are
more effective at creating a steric barrier between the phases due to larger potential
surface areas present and a better packing factor; reducing possible coalescence due to
physical and thermodynamic stresses.
Table 18: Nitrogen isotherm results

BET Surface Area (m2/g)
Single point adsorption total pore volume of pores
less than 170nm diameter at P/P0 = 0.99 (cm3/g)
Adsorption average pore width (4V/A by BET)
(nm)
BJH Adsorption average pore diameter (4V/A)
(nm)

Titanium
Dioxide
97.2665
0.276476

Zinc
Oxide
40.3934
0.184645

11.36986

18.28465

8.9009

13.8436

More prominent aggregation of zinc oxide and dissimilar morphology has additionally
been confirmed by nitrogen isothermal analysis. Calculated multipoint BET surface
areas for the particulates provided in Table 18 show a considerable difference, which
implies that titanium dioxide nano-aggregates has higher interaction potential. This
confirms fewer prospective networking sites on zinc nanoparticulates compared to
titanium ones per unit mass are due to a larger degree of agglomeration of the former.
Figure 56 reveals additional information about the particulate morphology. The
Barrett Joyner Halenda (BJH) absorption results show titanium dioxide has
significantly larger pore areas; however, the average pore width was found to be
smaller for titanium dioxide. On the other hand, zinc nano-oxide with a ~36% bigger
pore geometrical factor has a considerably smaller pore area; hence less absorption
sites on its surface. This is additionally confirmed by absorption-desorption isotherms
presented in Figure 57. The results show that titanium dioxide retains more nitrogen
over a wider range of relative pressures. The larger porosity of titanium dioxide has
been thoroughly studied in the literature [184]. A pore with a small throat diameter
relative to its cavity size will retain more molecules on desorption of the vapour and
therefore a larger hysteresis will be present at the relative pressure. The zinc oxide
absorbs less nitrogen in total however unlike the two stage hysteresis produced by the
titanium dioxide in the mid pressure range, it has a sharp increase/decrease when
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nearing the saturation pressure. Conversely, it is clear that titanium dioxide absorbs
more nitrogen at all pressures, yet again confirming larger bonding potential of less
aggregated particles.
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Figure 56: Zinc oxide and titanium dioxide BJH adsorption
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Figure 57: Nitrogen zinc oxide and titanium dioxide absorption/desorption isotherms
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5.2.4

Rheological Properties
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Figure 58: Continuous viscosity of (a) titanium dioxide and (b) zinc oxide emulsions; 0.1wt% (■), 0.3wt%
(▲), 0.5wt% (×), against control (♦)

Emulsion rheology is of paramount interest as flow characteristics can help determine
the mechanisms stabilising the emulsion. From rheological scrutiny of an emulsion it
may also be determined how suitable the emulsion may be for its purpose. Figure 58
shows that the viscosity generally increased over a range of shear rates, as the
viscosity of all nanoparticle emulsions was higher than that of the control sample. The
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reduction in viscosity was inversely proportional to increasing nanoparticulate
dispersion concentration, as the highest viscosities were measured at the lowest
nanoparticle concentration (0.1wt%). Additionally, a slight increase in viscosity was
observed for zinc oxide emulsions. Increase in viscosity presumably comes as
consequence of reduced bonding effectiveness; the dispersion medium alters the
continuous phase slip behaviour more extensively. For the zinc oxide emulsions,
pronounced aggregation/larger size and irregular shape of zinc oxide result in less
effective micelle adsorption; which increases the shear stress resistance. As the
concentration of nanoparticles increases, the durability of the micelle interface is
enhanced as it becomes a pseudo-stable entity, while the viscosity is very similar to
that of the control. This is due to greater film thickness between micelles being
achieved, as more colloidal dispersant is incorporated; thus the micelle slipping
potential is increasing.
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Figure 59: Zero-rate viscosity of nanoparticulate emulsions

Further rheological characteristics of the emulsions were evaluated with zero-rate
viscosity estimates presented in Figure 59 and based on samples tested in triplicate.
Nanoparticulate emulsions had distinctly higher viscosities than the control. Results
indicate titanium dioxide emulsions are more viscous when under no shear than zinc
oxide emulsions at similar nanoparticle concentrations. Smaller titanium dioxide
particles allowed for more uniform incorporation into the emulsion system, which
improved the emulsion properties through larger networking potential and steric
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interaction. Figure 59 shows a reduced viscosity with increase in nanoparticulate
dispersions due to the increase in ITES present aiding film forming between micelles,
however increased networking by nanoparticulates as discussed earlier still dominated
stabilisation over this dilution effect. Irregular and larger zinc oxide particles are not
as efficient at stabilising the interface due to their shape and size, especially at higher
concentrations.
Table 19: Mean yield stress and ratio index results

Nanoparticulate
Concentration
(wt%)
0.0
0.1
0.3
0.5

Mean Zinc
Oxide Yield
Stress (Pa)

Mean Zinc
Ratio Index

0.16
0.26
0.35
0.46

0.81
0.85
0.86
0.86

Mean
Titanium
Dioxide Yield
Stress (Pa)
0.16
0.29
0.41
0.45

Mean
Titanium
Dioxide Index
0.81
0.85
0.85
0.85

Calculated yield properties and ratio index numbers are given in Table 19. Yield
stress increased with nanoparticulate concentration which is expected for a more
networked emulsion. A slight increase was noted for titanium emulsions at lower
concentrations. Nevertheless, the estimated values were found to be very similar for
both zinc and titanium emulsion. It is expected that the reason for the increase in yield
stress was the increase in bonding occurring and was not attributed to the viscosity of
the emulsion. In essence the bonding occurring was dominating the yield stress more
prominently than viscosity. Further study below shows this effect occurring and that it
is only prominent at rest, under even low levels of shear, yield stress is drastically
reduced as these networks providing the yield stress characteristics are broken. Ratio
index numbers showed that all emulsions were shear thinning, which is beneficial for
high oil content water repellent emulsions. Results confirm networking as an
underlying stabilising mechanism even with the film forming achieved through excess
dispersion medium altering flow characteristics.
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Figure 60: Storage G’ (dashed line) and loss G’’ ( solid line) moduli of (a) titanium dioxide; and (b)

zinc oxide emulsions. Symbols used: 0.0wt% (♦), 0.1wt% (), 0.3wt% (▲), and 0.5wt% (×)
concentrations

Figure 60 shows storage (G’) and loss moduli (G’’) of the nano-particulate emulsions.
All emulsions had considerably greater G’ than G’’ at low strain amplitude, with both
seemingly independent of one another. Both graphs show a sharp and continuous
121

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

decrease of G’ with increasing strain, while G’’ increases at intermediate strains and
decreases at higher strain rates. Specific behaviour characteristic for flocculated
gelled structures is revealed at low strains (tan δ < 1) as elastic modulus dominates,
while larger deformation leads to a partial collapse of the multiphase structure as
viscous behaviour (tan δ > 1) is detected at >10% strain regions. Enhanced elasticity
of all systems was alleviated by inter-dispersion interaction [125]. Larger G’ was
found at lower strains for lower nanoparticulate concentrations, showing better elastic
characteristics, but also higher loss moduli. Better networking and less flocculation
produced more bonds that required breaking before slip could occur, and caused the
decrease of both moduli. This is also valid for zinc oxide emulsions, which exhibited
higher moduli than titanium dioxide, corroborating lower stabilisation influence of
zinc nanoparticles due to their specific aggregate shape and larger size over simpler
and less aggregation-prone titanium nano-oxides. Previous studies [135] [143]
confirm similar emulsified systems work due to better flocculation (ca. 1% - 5%
solids) around a micelle. However, in this study effective networking is achieved with
small quantities of the surfactant and nanoparticulates which allows the latter to
exhibit advanced interfacial activity.

5.3 Summary
TEM results showed that size of nanoparticulates did not seem to be affected by
ultrasonic mixing over a range of processing times. However, nanoparticulate
aggregates did breakdown from ca. 1hr of ultrasonic mixing. Further mixing may be
potentially possible to break aggregates down further however a redesign of the
ultrasonicating apparatus would be required to relieve overheating issues.
The role of metallic nanoparticles as emulsion additives was investigated. Nano-sized
titanium and zinc oxides were added to silane/siloxane o/w emulsions in low
concentrations, <0.5wt%. It was found that the addition of nanoparticulates increased
mechanical and thermodynamic stability of the emulsions. Enhanced emulsion
properties were found to be dependent on the concentration and the nature of the
colloidal nanoparticles: the aggregate size, shape and agglomeration characteristics in
particular. Particle morphology dictated the networking and flocculation mechanisms.
Larger zinc oxide nanoparticles had lower networking potential than titanium ones.
Experimental results confirmed zinc oxide emulsions were less physically and
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thermodynamically stable than titanium dioxide counterparts. Additionally, the shape
of nanoparticle aggregate was identified as a crucial parameter for successful
incorporation of nanostructures into the emulsions. Loosely packed fractional
aggregates of zinc oxide experienced hindered micelle absorption and bridging due to
their specific geometry, while pseudo-spherical and visually more compact titanium
dioxide absorbed on the micelle interface to a greater extent while providing extensive
bond sites. Finally, the nanoparticulate addition altered rheological properties,
increasing emulsion viscosity, yield stress and dynamic moduli of nanoparticulate
incorporated emulsions.
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Chapter 6: Pore and Interface Modification
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6.1 Overview
This chapter deals with how pore and interface modification by each treatment was
achieved and to what extent. This is of importance with regard to all three key
treatment influences; water repellence, thermal insulation, and antifouling.

6.2 Mercury Intrusion Porosimetry (MIP) of Terracotta Tiles
To assess the effect the treatments had on pore modification, mercury intrusion
porosimetry was conducted. The following results show a comparison against the
control emulsion. Horizontal shifts in capillary size between the emulsion control and
nanoparticulate treatments show the capillary restrictions attributed to the treatments
used to modify the internal capillaries. Since variation is expected at larger and
smaller capillary sizes due to material variation and sintering inconsistencies, midrange capillary diameters are used to make a comparison. For this study tiles were
used due to their relatively homogenous structure to help reduce variables.
Washburn’s equation states that the pressure required to force a non-wetting liquid
into a capillary of circular cross-section is inversely proportional to the diameter of
the capillary and directly proportional to the surface tension of the liquid and the solid
surface contact angle [155]. Increased internal pressure had to be applied to cause the
mercury to penetrate into the decreasing pore size of the samples; from this pore
diameter could be calculated.
Figure 61 shows the emulsion control (EC) against untreated terracotta tile (TC). The
emulsion does seem to reduce the pore diameter by approximately 2-3 microns.
Figure 62 shows the titanium dioxide treatment reducing the pore size even further
than the emulsion control. Figure 63 shows the zinc oxide treatment producing a
similar profile to the titanium dioxide treatment.
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Figure 61: cumulative pore volume of the terracotta control (TC) compared to the emulsion control (EC)
treated sample
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Figure 62: cumulative pore volume of the emulsion control (EC) compared to the titanium dioxide treated
sample (ET)
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Figure 63: cumulative pore volume of the emulsion control (EC) compared to the zinc oxide treated sample
(ET)

Table 20 shows the results from testing. It should be noted as a by-product of a slower
test the bulk density and apparent density was also calculated for (BC) and (TC).
Bulk density is the mass of the bulk quantity divided by bulk volume. Apparent
density is the mass divided by the skeletal volume remaining after the volume of all
open pores larger than 0.005µm have been subtracted [151].
It should be noted that the bulk volume includes pores open and closed pores and
anything within the form fitting envelope used to calculate the volume. However the
apparent (skeletal) volume is the solid volume only. Helium pycnometry may be used
to assess micropores (diameter <0.002µm) below the threshold for mercury intrusion
to help evaluate this [151].
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Table 20: Mercury intrusion results for terracotta tile samples

Parameters
Total intrusion volume (mL/g)
Total Pore Area (m2/g)
Median Pore Diameter – volume
(µm)
Median Pore Diameter – Area
(µm)
Average Pore Diameter (4V/A)
Bulk Density at 0.32 psia (g/mL)
Apparent (skeletal) Density
(g/mL)
Porosity (%)

0.1048
2.288

Titanium
dioxide
Emulsion
(ET)
0.1052
1.690

Zinc
Oxide
Emulsion
(EZ)
0.1045
1.750

0.5390

0.4666

0.8327

0.6283

0.2432

0.0765

0.0611

0.0753

0.0799

0.4618
1.7061

0.2210
2.0333

0.1833

0.2490

0.2390

2.5437

2.5828

32.9256

21.2740

Brick Control
(BC)

Tile Control
(TC)

Emulsion
Control
(EC)

0.1930
1.672

0.1046
1.894

0.7935

Table 20 does not show a true picture of the effect each treatment has on the terracotta
substrate. To get a better understanding, by plotting the log differential intrusion and
pore size a better understanding may be achieved.
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Figure 64: Log differential vs. pore size diameter comparison

Figure 64 shows some changes to the pore size at approximately 50µm and 35µm.
The emulsion control reduces mercury intrusion at 50µm and 35µm compared to the
control. This shows that there are fewer pores of these diameters present after
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treatment. However, for the nanoparticulate emulsions the spike at 50µm reduces in a
proportional manner as the 35µm spike increases. This would seem to imply that these
emulsions were converting the 50µm pores to 35µm. It should be pointed out that the
morphology of the samples still remains strongly bimodal in nature, and thus the
results in Table 20 should be evaluated with discretion. In addition, the titanium
dioxide emulsion had seemingly a stronger influence on pore modification than the
zinc oxide equivalent. This may be due to less aggregation, leading to better
distribution of treatment and uniform curing of such. Emulsions seem to show
alteration to the substrate morphology down to around 7µm which gives some
indication of the extent these emulsions can penetrate into a porous substrate.
However the increase exhibited of 35µm would seem to suggest that the 50µm pores
are being converted to this diameter on average by the nanoparticulate treatments. If
this is compared with the emulsion control, it would seem that the emulsion control is
slightly more uniform at modifying pores than the nanoparticulate treatments,
suggesting a thicker pore modification.

6.3 Comparison of Brick and Tile by Mercury Intrusion
Porosimetry
Although terracotta tiles were used for MIP, most applications for the treatments
under scrutiny would be for brickwork applications. This section gives a general
comparison between the untreated brick and tiles used in this study.
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Figure 65: Cumulative pore volume of brick and tile substrates

Figure 65 shows the cumulative pore volumes of each sample. The results show that
the tile has a lower porosity and in general less pores across the range of pressures
tested. Table 21 shows a comparison of calculated data from the test and would seem
to agree with the cumulative pore volume data.
Table 21: Brick and tile results comparison

Parameters
Total intrusion volume (mL/g)
Total Pore Area (m2 /g)
Median Pore Diameter – volume (µm)
Median Pore Diameter – Area (µm)
Average Pore Diameter (4V/A)
Bulk Density at 0.32 psia (g/mL)
Apparent (skeletal) Density (g/mL)
Porosity (%)

Brick Sample
0.1930
1.672
0.7935
0.2432
0.4618
1.7061
2.5437
32.9256

Tile Sample
0.1046
1.894
0.5390
0.0765
0.2210
2.0333
2.5828
21.2740
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Figure 66: Brick and mortar pore size comparison

Figure 66 shows a pore size comparison between the two materials. The terracotta tile
sample seems to be more bimodal in nature than the brick sample. If what was
considered in the last section applied to the brick perhaps similar changes would be
occurring around 20µm and 45µm. Since the brick sample has smaller pores in the
lower range emulsion treatments may have greater beneficial impact on rising damp,
capillary action, or water ingress than on terracotta tile substrates.

6.4 Water Beading of Brickwork
In order to assess the initial water repellence of a treated structure, goniometry
measurement was conducted to assess the effectiveness of each treatment to bead
water on the exposed rough side of a conventional brick.
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Figure 67: Brick average water contact angles

Figure 67 shows that the WCA is improved on average by approximately 10° when
the control emulsion is used; 5 readings were taken for each sample type. In addition,
approximately 5% improvement can be achieved on top of the base emulsion
performance with the addition of either nano-particulate to the emulsion for only
<0.1wt% incorporation. It is considered that the nano-particles improve the WCA by
providing nucleation points for silane/siloxane bonding, increasing the interfacial
roughness. This reduces the overall interfacial tension by reducing net charge density
and hence making the treated surface more water repellent. Essentially a greater
distance between the substrate and the water bead can be produced by the alteration of
the surface morphology, which reduces the probability of respective charge or steric
interaction. This increased distance could be compared to the MIP results discussed
earlier. Perhaps the interface is rougher due to the nanoparticulate treatments and this
may be reflected on the internal pore modification morphology.

6.5 Water Vapour Permeability
A build-up of humidity in a structure is undesirable, especially in a cavity wall where
it could become trapped and cause damp related problems. In order to assess the
ability of treated substrates to allow water vapour to permeate when a structure is
trying to equalise internal humidity, a water vapour permeability test was conducted.
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Figure 68: Brick water vapour permeation

Although Figure 68 shows that water vapour is reduced using the presented
treatments, it does confirm that they do allow water vapour to be transmitted through
the substrate. The nano-treatments show a larger reduction in water vapour
permeation compared with the control emulsion, which is considered to be due to the
increase in treatment interfacial roughness causing pore constriction. Five samples
were used for each type and the average temperature and humidity during testing was
20.3°C and 71.6%RH, respectively. Pore constriction by the treatments also supports
the MIP results.

6.6 Thermal Conductivity
Thermal conductivity is of interest as a better insulated structure should require less
energy to heat it and maintain the warmth inside. Therefore this test was carried out
over wet and dry scenarios to help assess the effectiveness of the respective
treatments to insulate during these conditions.
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Figure 69: Brick thermal conductivity

Figure 69 shows the thermal conductivity of the treated samples is slightly reduced
compared with the terracotta control in dry conditions and is attributed to the
treatments providing better thermal insulation. The nanoparticulate emulsions in dry
conditions even with an altered morphology still comprised of conductive metal oxide
components, which increased the thermal conductivity of the nanoparticulate samples.
In the wet scenario results show that water increases the conductivity of the brick
substrate significantly. Since each treatment reduced the ingress of the water over the
24hr exposure time it can be clearly seen that a significant reduction in thermal
conductivity can be achieved by all treatments. Again, due to the alteration of the
interfacial morphology by the respective nanoparticulates it is the reduction of surface
energy interaction potential that reduces retained water. Nanoparticulate samples after
wet conditioning had a lower thermal conductivity on average than that of the control
emulsion. This would indicate that polar interaction between the treatment and water
due to the nanoparticulates at the interface is less significant than the effect they have
on surface roughness.
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6.7 SEM and EDX Analysis of Nanoparticulates and Treatment
Depth
Treatment depth is an important factor when dealing with rising damp and service life
durability. If a chip is made in a coating, it reduces the efficacy of the coating to
protect and repel water. Conversely, treatments penetrate deep into the substrate; thus,
compromises in protection should be significantly lower. In addition, treatment depth
is also an important factor when assessing rising damp remedial treatments.
EC, EZ, and ET produced average treatment depth results of 13mm, 13mm, and
14mm respectively. These results show that the treatments can penetrate deep into the
substrate.

Figure 70: EDAX titanium readings (bottom); brick exterior (bottom left) from brick cross-section
approximately 5mm from surface (bottom right), (top) SEM images used for lower EDAX results
respectively
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Figure 71: EDAX zinc readings (bottom); brick exterior (bottom left) from brick cross-section
approximately 5mm from surface (bottom right), (top) SEM images used for lower EDAX results
respectively

Figure 72: SEM of emulsion control (left); brick exterior, (right) brick cross-section approximately 5mm
from surface
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Figure 73: EDAX spectrum of emulsion control; brick exterior

Figure 74: EDAX spectrum of emulsion control; brick interior approximately 5mm from surface

Figure 70 shows that some proportion of the nanoparticulates used in the treatment
also get absorbed into the substrate interior when the emulsion has been applied. This
implies that the interfacial morphology would be altered throughout the treatment
depth similar to that of the surface. Since a nanoparticulate treatment in two
dimensions would not be nearly as effective as that of one in three dimensions, this
helps verify the validity of the water vapour permeability and MIP results. The
hydrophobic nature of treated samples would therefore be dependent on two things;
the surface energy characteristics of the silane used, and the contour profile of the
interface. Similar results were observed with the zinc oxide samples, shown in Figure
71. The difference in Ti and Zn sites seems to follow the results of aggregation
observed by TEM analysis. Since Zn aggregates more due to its morphological
characteristics discussed in the nitrogen isothermal analysis, it is dispersed less
effectively than Ti. This would mean that ZnO emulsions may be less effective as an
interface modifier at low concentrations. As a comparison Figure 72 shows the SEM
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images of the emulsion control treated brick sample. Due to the sample EDAX not
containing Ti or Zn no EDAX positions for these elements are given, however to
confirm that these elements are not picked up by EDAX analysis Figure 73 and Figure
74 give the EDAX spectral results of external and internal surfaces respectively.

6.8 Water Absorption
One of the key water repellent tests is based on the ability for a sample to repel water
over a prolonged period of exposure. If a facade is exposed to a short period of rain, it
may repel it quickly without substrate absorption due to the surface energy profile
exhibited at the interface. However, capillary action becomes a determining influence
over longer periods of exposure. Therefore, evaluating a facades sorptivity is an
effective means of assessing such long term exposure.
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Figure 75: Brick water absorption

Figure 75 shows clearly that all treatments tested significantly reduce water
absorption against the untreated terracotta samples (TC) samples. The titanium
dioxide emulsion shows a significant improvement on reducing the rate of water
absorption compared with other treatments. As stated previously, this is considered to
be due to the interfacial modification providing less interfacial charge interaction.
Since titanium dioxide has a higher potential for providing hydroxyl active sites for
bonding, it may be this which differentiates its performance characteristics with that
of the zinc oxide treatment. This may mean that in order to produce a comparable
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performing zinc oxide emulsion, either a more exposed particulate surface area would
be required or a greater particulate percentage by weight.
Table 22: Average brick sorptivity results

Sample
TC
EC EZ ET
3
-1/2
Average Sorptivity (mm min ) 50.57 5.62 6.12 3.87
Table 22 shows the sorptivity results are significantly reduced compared with that of
the brick control samples. The titanium dioxide treatment showed approximately 45%
lower water ingress rate compared to the emulsion control. Since water absorption is
considered generally a key characteristic in determining water repellent efficacy, it
can be clearly seen that more work in this area could be of interest for facade
remediation in future.

6.9 Summary
Results in this chapter show that the developed emulsions modify pores but do not
essentially block them. Water vapour may permeate through a structure allowing it to
dry out. Water repellence was shown to be improved by nanoparticulate incorporation
during testing. Thermal conductivity was slightly increased for nanoparticulate
treatments in dry conditions compared to the emulsion control, but were considerably
reduced under wet scenarios. All treatments could penetrate deep into the substrate,
with nanoparticulate treatments allowing particulates to become distributed uniformly
within the substrate and at the interface. It was considered that aggregation of
nanoparticulates in the prepared emulsions before application controlled distribution
and thus may have a considerable affect on the cured treatment due to available
particulate surfaces for interaction.
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Chapter 7: Thermal Envelope Efficiency
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7.1 Model House Study
7.1.1

Overview

In order to assess if such nanoparticulate treatments actually made a structure more
energy efficient, two model houses were produced. One model was treated with a zinc
oxide emulsion and the other used as a control. These models were tested across
various temperature scenarios as well as in simulated wet conditions. The zinc oxide
emulsion was also applied to respective brick and mortar samples to assess their
influence on thermal envelope performance, as well as component mechanisms. Tests
on these samples included; porosity, treatment depth, surface energy, water contact
angle, thermal conductivity and visual aesthetics.
A heating and monitoring regime was developed for the models to quantitatively
evaluate heating energy consumption in different conditions. It was found that the
treatment imparted significant water repellence and enhanced thermal insulation to
treated samples. The results from contact angle and surface energy measurements
showed that the substrates became highly hydrophobic, and internal humidity was
reduced across various temperature scenarios.

7.1.2

Treatment Depth and Porosity

Porosity of the brick was calculated as being 22%, base mortar was 9%, and main
mortar 13%. Treatment depth for the brick was 13mm, base mortar was 4mm and the
main mortar was 11mm. The higher porosity of the bricks led to deeper penetration
depths. The base mortar was used to bond the masonry to the foam base and included
a relatively large quantity of latex powder. This powder helped reduce the open cell
potential of the mortar by providing obstacles for crack propagation during curing.
Figure 76 shows examples of the darker hydrophilic regions where the treatment did
not penetrate. These sites allowed water absorption to occur during dipping and hence
the reason for the discoloration. It should be noted that the latex in the base mortar did
not play a role in imparting hydrophobic properties. If this was the case, there would
be no water absorption occurring in the centre of the sample. Instead the 2.2wt%
polyvinyl alcohol latex (Vinnapas 8034; Wacker, particle size 0.3-9.0µm) reduced
porosity and therefore decreased the treatment depth compared with the other mortar.
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Although samples had slightly different sand/cement ratios, this cannot account for
such significant differences observed.

Figure 76: Examples of treated base mortar (left) and treated main mortar (right) after dipping with control
cross-sections respectively

7.1.3

Thermal Conductivity

Figure 77 shows the thermal conductivity results of both treated and untreated bricks
and mortar. In dry conditions treated samples had approximately the same thermal
conductivity as the untreated samples. This is due to the treatments relatively small
thickness which does not effectively alter the interface. The emulsions in this study
were initially designed for deep penetration and so the siloxane content was
minimised. In wet conditions, treated samples showed significantly reduced thermal
conductivity compared to the untreated samples. It has been widely recognised that
water has significantly higher thermal conductivity and greater heat capacity than air,
leading to greater heat loss in wet weather. The dry scenario presented may be drier
than that expected for an exterior facade in service. All substrates were stored indoors
to reduce variables such as morning dew and 24 hour humidity variation over the
course of a day. It would be reasonable to assume that the treated samples therefore
would have lower water content in real world ‘dry’ scenarios than the untreated
counterparts. In addition, it should be possible to save energy in humid conditions
when air-conditioning is needed to cool the residence to a comfortable level. Better
insulated bricks and mortar would retard the heat transfer, generating less demand for
conditioning, which may be further complemented by the additional benefits of
keeping all the problems associated with moisture ingress at bay [157].
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Figure 77: Average thermal conductivity

7.1.4

Water Contact Angle & Surface Energy

Figure 78 & Figure 79 show the water contact angles and surface energy of the
substrates, respectively. The pronounced increase in hydrophobicity of the treated
samples leads to greater beading potential and lower surface energy compared to the
untreated samples. Treatment decreases the surface energy of the substrate, and water
contact angle increases due to the diminished tendency for water to interact with the
interface. If water has a tendency to bead on a low surface energy facade, it runs off
more easily. Resting water has a potential to be drawn into a porous substrate through
capillary action. This unfavourable interaction between the water and the surface is
reduced with the use of the treatment; helping the wall to become drier and better
insulated.
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Figure 78: Average water contact angles of treated and untreated brick and mortar
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Figure 79: Surface energy characteristics of treated and untreated brick and mortar

7.1.5

Spectrophotometry

Aesthetical alteration of a substrate is detrimental to large scale remediation, heritage
and retrofit projects. To assess the zinc oxide treatments impact on visual aesthetics in
a quantitative manner the CIElab D65/10° test standard was used.
Table 23: Average CIE65/10° results

Untreated Brick
Treated Brick

L*
a*
b*
Gloss (Ill/Obs) ΔE*
58.78 18.23 20.08
1.1
64.74
59.35 15.35 21.16
1.1
64.99

ΔC*

ΔH*

0.16

0.10
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Table 23 shows a very small hue variation (ca. 0.10) caused by the treatment. The
average gloss value for the untreated control was 1.1Ill/Obs with all treated samples
averaging the same. This indicates that the colour and gloss of the treatments when
cured is similar to that of the natural aesthetics of the substrate before treatment. This
is a major advantage for the remediation of heritage buildings and retrofit projects.

7.1.6

Model House Thermal Insulation Efficiency

There are numerous variables to be considered when estimating the possible energy
savings through the facade modification by such treatments. This study investigated
the effect of major heat loss factors by testing miniature representations of a building.
For each model house, the duration of the internal heating was gathered from the PCB
data records and the bulb power was ascertained by the mains power meter. The
results were taken for a fixed two hour period during the end of each test when the
temperature was recorded as constant in order to ensure that equilibrium had been
reached.
Table 24: Energy saving of treated model house in dry conditions

Internal
Temperature
(°C)

External
Temperature
(°C)

25

22

30

24

35

23

Model

Relay On (s)

Energy (J)

Treated

524

20960

Control

552

22080

Treated

1042

41680

Control

1114

44560

Treated

2220

88800

Control

2310

92400

Energy Reduction (%)
5.3
6.9
4.1

Table 24 shows the energy saving of the treated model house in comparison with the
control house in dry testing scenarios.

Results deviated depending upon the

internal/external temperatures ranges. At elevated internal temperatures it took longer
for the energy to be transferred to the external environment; this reduced heating time
and a lower energy reduction is observed. In addition, trapped moisture was reduced
in both structures making both drier, reducing differences and making it harder to
distinguish one structure from the other. Therefore it would seem prudent to assess
treatments by their average service environment.
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Table 25: Energy saving of treated model house in wet conditions

Internal
External
Temperature Temperature
(°C)
(°C)
25

22

30

23

35

23

Model

Relay On
(s)

Energy
(J)

Treated
Control
Treated
Control
Treated
Control

590
704
1274
1428
2246
2442

23600
28160
50960
57120
89840
97680

Energy Reduction
(%)
19.3
12.1
8.7

Table 25 shows that the energy saving achieved in wet conditions is substantially
greater than that of the dry conditions. The greater heat capacity and higher thermal
conductivity of water compared to air is considered to be the driving force behind this
[157]. Specific heat characteristics of the facade may be a more dominant factor than
the thermal conductivity alone. Treated samples in dry conditions were found to have
similar thermal conductivity characteristics to the control substrates. However, even a
slight ingress of water into the facade may alter the specific heat of the facade and
seriously affect the actual efficiency of the substrate to insulate. However, when the
emulsion was applied, heat loss was diminished and substantial energy savings were
achieved.
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Figure 80: Average internal humidity for dry scenario

Figure 80 shows how the internal humidity in dry conditions is affected by the
treatment. There is a reduction in internal humidity for both model houses. The
humidity is reduced due to the treatment, allowing moisture to permeate through the
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masonry upon heating while reducing its ingress at the same time. As the internal
temperature increases, a drier environment is produced and hence the reason for
greater humidity improvements. In wet conditions humidity of each structure was
approximately the same, even though energy was saved. This may have been due to
any water penetrating from application taking longer to permeate through the treated
brickwork and outside. The force of brushing may have overcome the surface energy
of the treatment allowing impregnation to occur. It is reasonable to assume that a
bigger difference in humidity and energy saving may be made in wet scenarios if the
water was applied passively.
A lower internal humidity can improve both the physical and mental health of
occupants of a structure [178] [179]. Treatments may alleviate and circumvent
persistent elevated internal humidity induced problems in buildings. These include
mould and fungal growth inside wall cavities as well as internal decorative
degradation. It should be noted that neither wet nor dry conditions should be used
individually to predict possible energy consumption. In addition, the treatment may
also behave differently depending on its constituents. Work showed a high siloxane
content emulsion should be used to alter the interfaces thermal conductivity and water
beading characteristics. Conversely, problems involving rising damp may be better
remedied by a high silane content treatment, which would also help mitigate
prolonged water contact situations [92]. The best practice for determining the energy
efficiency would involve taking into account both scenarios with various degrees of
each used, depending upon the geographical location, meteorological data for that
area and the type of treatment.
These nanoparticulate enhanced treatments have many advantages compared with
other traditional solvent based counterparts. The water repellent emulsions are cost
effective in terms of labour and materials. Simple application means specialist skills
or prior knowledge are not required. The treatment may be applied by brush or roller
and can penetrate deep into a substrate. Colour and texture of the facade is retained,
allowing these emulsions to be applied to heritage buildings or buildings requiring
retrofit.
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7.2 Modelling of Energy Dissipation Rates
To assess the energy and financial saving potential of each respective emulsion, the
following theoretical testing scenarios based on a single wall model were produced.
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Figure 81: Temperature difference 10°C-25°C results from dry modelling scenario

Figure 81 shows the time required to heat the walls up and dissipate the energy back
to achieve an ambient temperature in a dry scenario. It may be seen that there was
little difference in the dry wall heat retention times when treated. This is considered
due to the treatment not blocking pores in a significant manner.
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Figure 82: Temperature difference 10°C-25°C results from wet modelling scenario

Figure 82 shows during the wet scenario that the emulsions all retained heat
considerably better than the terracotta control. This is attributed to the emulsions
reducing water absorption. In this scenario, the nanoparticulate interface modification
may have allowed water to have less contact with the substrate and provide less time
for water to be absorbed into the substrate, thus reducing energy used.
Table 26: Annual UK energy and economic consumption per meter squared

TC

EC

ET

EZ

Annual KWh used per m²

1468

1364

1330

1332

Annual price per m² (£)

161.51

150.09

146.29

146.53

Table 26 shows the possible energy and financial costs for the 10-25°C model. It
assumes a 5% annual heavy rain precipitation similar to that received by the UK in
2011 [180]. The cost of electricity was taken as 11p per unit.
Table 27: Theoretical annual UK energy and economic saving per square meter

Annual KWh saving per m²

Annual saving per m² (£)

EC

104

11.43

Saving
Improvement
against EC (%)
N/A

ET

138

15.23

33

EZ

136

14.98

31
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Table 27 shows the possible savings produced by the model. The energy savings may
not look much, however the results are for one square meter of wall. In context of a
conventional residential building this means a great deal of money could be saved
each year with all respective treatments. In addition, CO2 emissions would be reduced
significantly. A high degree of electrical energy is wasted before it reaches a home,
with only around 2% used from the raw material [181]. So a small saving at the
residential level would mean a much larger CO 2 reduction overall in an electrically
heated scenario. It is important to note that the model did not take into account the
effects of evaporation and was of simple design to show possible savings. Results
would most likely be more conservative since the structures are not heated in a
continuous manner unlike the presented model. However the results do confirm that a
saving can be made and nano-particulate emulsions would be more suited to achieve
this. From this it seems reasonable to deduce that the real world testing produced
sensible results and that savings were made through creating a drier environment.
Finally it should be noted that if a treatment altered the interface to a greater extent
through higher siloxane content for example, this may help mitigate the possible
thermal conductivity issues associated with the metal oxide incorporation at the
interface, however more work into this is required.

7.3 Summary
Based upon the water repellent and thermal insulation properties of constituent
materials with and without treatment and their implications on heating energy saving,
the following conclusions may be made;
•

Treatments could penetrate deep into both brick and mortar showing around

13mm and 11mm penetration for brick and mortar respectively. Brick and mortar
had a porosity of approximately 22% and 13%, indicating that porosity of the
substrate influences the treatment depth.
•

Water contact angle and surface energy results showed that a hydrophobic

surface can be produced by using the nano-particulate treatment on brick and
mortar. Treated bricks were improved by approximately one third of the untreated
samples, and more than one half improvements were exhibited by the 5:1 sand and
cement mortar used.

151

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

•

Thermal conductivity of untreated brick and mortar in wet conditions was

approximately twice that of the dry untreated samples. The thermal conductivity of
the treated samples however showed little difference between wet and dry
conditions, indicating improved thermal insulation by the treatment which was
attributed to the significant reduction in water absorption occurring.
•

Energy can be saved using the nanoparticulate enhanced treatment on walls in

both wet and dry conditions based upon the model house testing. Approximately
5% energy was saved in dry conditions compared to 20% in wet conditions with
only approximately 3°C difference in internal and external temperatures. This
saving may be more significant as external conditions in reality may be wetter and
colder than that tested.
•

The internal humidity in the model house after treatment was reduced in dry

conditions; showing typical problems associated with damp may be alleviated.
Further work is required to assess accurately the wet humidity which may require a
passive water application method.
•

Theoretical modelling showed energy and financial savings may be made

through use of such emulsions which seem to comply with the real world test
results; although it is considered that actual savings compared to the calculated
savings would be more conservative.
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Chapter 8: Antifouling Characterisation
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8.1 Photocatalytic Potential
To determine the effectiveness of each photo-catalytic metal oxide treatment with
regard to breaking down soiling matter, oleic acid was put on treated terracotta
samples and placed under a UV light source. The water contact angle was periodically
tested during the UV exposure as shown in Figure 83.
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Figure 83: Photo-induced oxidisation characteristics of oleic acid on terracotta tiles with regard to water
contact angle

Figure 83 shows that, after coating of samples by oleic acid, they were more
hydrophobic in nature than after prolonged exposure to UV light. Since all samples
were treated in the same manner, it is clear that the titanium dioxide treatment was
more hydrophilic at the start of testing. This difference is expressed over the course of
the study compared to the zinc oxide samples. This implies that the titanium dioxide
is more effective at breaking up the contaminant than the zinc oxide counterpart. It
seems that treatments with <0.1wt% nanoparticulate content can therefore be used for
the breakdown of fouling matter; thus the surface is self-sanitising.

The nature of the nanoparticulates to aggregate may attribute to the differences in
performance observed; larger available surface areas for photo-induced sanitisation
increases efficacy. The chemical nature of each type of particulate would suggest that
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titanium dioxide would be more effective due to its better suited band gap for photoinduced activity.
For longer time periods results show that oleic acid aligns the hydrophobic
functionalities away from the hydrophilic polar groups of the control emulsion treated
substrate; indicating possible hydrogen bonding with free hydroxyl sites. The metal
oxides in the treatments however are increasing hydrophilic tendency due to the
photo-induced sanitisation reaction.
It should be noted that the temperature and humidity of the sample environment may
be the cause of the variation over time. Testing was carried out in a cellar with only
small periods of artificial light exposure. Average temperature was recorded as 22°C
and average humidity as 55%RH according to remote datalogger results. Since UV,
air and water from the environment are variables for photocatalytic reactions, it must
be noted that external environments will differ considerably allowing such test to be
relative for treatment comparison only.

8.2 Antifouling in Practice
8.2.1

Overview

Although the self-cleaning rate shows interesting photocatalytic performance by
nanoparticulate treatments, it does not show performance encountered in real world
conditions, such as against microbiological fouling. Thus, the following section
evaluates the mechanisms that are considered to control fouling on facade substrates
and how the formulated treatments perform against biofouling caused by locally
sourced algae. In order to control variables, treatments were applied to specifically
formulated mortar designed to reflect similar mortar used in modern building
construction.
8.2.2

General Treatment Characteristics

To assess the extent of influence the treatments had on the substrate and thus its
ability to resist colonisation, treatment depth was evaluated. All treated samples
showed total penetration and since the thickness of mortar samples was 20±1mm,
possible treatment depth would be greater or equal to 10mm for each emulsion. It
should be noted that since emulsions were brushed by hand onto the mortar substrates,
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penetration may vary depending on application. This test however shows that a deep
penetration may be achieved by all treatments with no substantial compromise shown
by the nanoparticulate incorporation. Untreated samples showed ~3mm carbonation
zone arond the edge of the cross-section of samples (Figure 84). This is a continual
process where calcium hydroxide with carbon dioxide from the air reacts with water
and forms insoluble calcium carbonate, altering the water repellent attributes of the
affected surfaces. Since this process relies on carbon dioxide exposure this would
explain the difference in hydrophilic tendency near the interface of the mortar [169].
Figure 85 shows that water beads are formed on treated samples after submersion
throughout the cross-section and hence total penetration was achieved. This shows
that these treatments should be effective even if the mortar cracks or chips. From this
it is clear that hydrophobic pore modification may influence bioreceptivity
considerably as well as carbonation due to diminished moisture/contaminant ingress.

Figure 84: Water absorbed by TC (above) viewed against the control cross-section (below)

Figure 85: Standard treatment depth cross-section result for treated samples after dipping

In addition to treatment depth, the extent of visual alteration is also of vital interest in
assessing the usefulness of such treatments. Aesthetical alteration of a substrate is
detrimental to large scale remediation, heritage and retrofit projects. To assess each
treatments impact on visual aesthetics in a quantitative manner, photospectrometry
was conducted using the CIElab D65/10° test standard.
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Table 28: Average Photospectrometry results
L*

a*

b*

Gloss

ΔE*

ΔC*

ΔH*

ΔH* (%)

TC

62.60

2.17

16.95

0.9

64.89

EC

57.15

2.17

15.60

0.7

59.28

1.35

15.69

0.24

EZ

57.59

2.34

15.90

0.8

59.79

1.04

16.04

0.16

ET

58.38

2.22

15.75

0.7

60.51

1.19

15.86

0.20

Table 28 shows a very small hue variation of approximately < 0.3% and a small gloss
variation caused by the treatments. Figure 86 shows that the average photospectra is
very similar over the visible light range for each sample. Thus, treatments when cured
are similar to that of the natural aesthetics of the substrate before treatment. These
results in addition to the treatment depth attributes also show favourable
characteristics useful for the remediation of heritage buildings and retrofit projects.
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Figure 86: Average D65/10 photospectra results

8.2.3

Biofouling Specific Treatment Characteristics

Bioreceptivity, a concept developed by Guillitte (1995) [182] has become the
principal method used to characterise colonisation. According to Guillitte and
Dreesen (1995) [166] and comments by Gaylarde and Gaylarde (2005) [183],
mechanisms that govern colonisation are; surface roughness, initial porosity,
mineralogical nature of the substrate, and other environmental factors. These
mechanisms have also been successfully supported by various studies [184]. Thus, to
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evaluate bioreceptivity effectively in this study assessment of these mechanisms was
conducted independently to help establish the predominant factors.
To assess the general characteristics and pore morphology of the mortar samples, MIP
was conducted. Table 29 shows similar porosity and density values calculated from
the obtained data. Figure 87 shows apparent bimodal distribution in all samples with
average pore diameters around 42µm and 52µm. The total pore area measurements
(Figure 88) show pore sizes being reduced by the treatments. Despite the pores being
constricted, they are not blocked. Porosity results also help verify that the pores are
not being blocked due to similarity in values for each sample type.
Table 29: Porosity, density, surface roughness and sorptivity of mortar samples

Sample

Porosity
(%)

TC
EC
EZ
ET

26.1
24.5
27.5
23.6

Bulk
Density at
0.32 psia
(Kg/m3)
1832.5
1880.1
1752.8
1906.7

Apparent (Skeletal)
Density (Kg/m3)

Surface Roughness
Ra (µm)

Sorptivity (mm
min -1/2)

2480.5
2489.1
2416.1
2495.7

9.7
9.0
8.9
8.1

29.4
2.6
2.4
2.3

0.12

TC
EC
EZ

0.08

ET

0.06

0.04

0.02

0.00
1
7
13
19
25
31
37
43
49
55
61
67
73
79
85
91
97
103
109
115
121
127
133
139
145
151

dV/dlogD Pore Volume (mL/g)

0.10

Pore Diameter (µm)

Figure 87: MIP pore diameters of treated and untreated mortar samples
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Figure 88: Total pore area of treated and untreated mortar samples

The ability for a facade to repel water before it is absorbed into a porous substrate is a
critical requirement for any exterior building material. Figure 89 shows the average
water contact angle results for each sample type. Due to the untreated substrates being
too hydrophilic, total wetting occurred and the contact angle was estimated ca 3°. All
treated samples exhibited higher water contact angles than the untreated samples. Zinc
oxide and titanium dioxide treatments reached slightly higher water contact angles
than the control emulsion. It is due to the fact that the metal oxides have a high
concentration of polar groups that act as bonding sites for the silane and siloxane
components. This allows a more structured and uniform interfacial morphology to be
produced; hydrophilic domains are attracted to the interior of the system, with
hydrophobic parts of the treatment governing the interfacial characteristics.
Additionally, it was found from earlier EDX work not only this process is occurring,
but also that metal oxides are present at the surface of the treatments. It was also
discovered that zinc oxide tended to aggregate more than the titanium dioxide,
reducing distribution potential during application; thus the reason for the difference in
performance observed. Due to goniometry occurring in ‘UV limited’ conditions, the
treated surface becomes highly hydrophobic with contact angles ca. 150°. This allows
for any suspended soiling matter to be removed more effectively in these conditions
as it has less interaction potential with the substrate. Contaminant removal in this way
would be due to runoff and evaporation [168]. Although this means that interface
hydrophobicity varies, treated pore surfaces that are not exposed to UV light should
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retain high water contact angles. This treatment characteristic therefore is perfect for
rising damp remediation and biofouling inhibition; essentially imparting duel
functionality to the treatment.
180

Average Water Contact Angle (°)

160
140
120
100
80
60
40
20
0
TC

EC

EZ

ET

Figure 89: Average water contact angles of treated and untreated mortar samples

In addition to water beading exhibited at short time scales, absorption characteristics
through mechanisms such as capillary action must be considered for longer durations
of water contact at the substrate interface. Calculated sorptivity values for the treated
samples (Table 29) shows that the sorptivity of treated samples is significantly
reduced compared with the untreated mortar. Significantly more water could be
absorbed by the untreated mortar than the treated samples over a longer period.
Reduced sorptivity by the nanoparticulate treatments is considered due to the reduced
surface energy achieved by the structuring of the treatment and metal oxide
characteristics as discussed prior. From these results it is clear that the fouling rates
are significantly diminished for treated mortars as reduced sorptivity would constrain
transportation water and nutrients for growth.
Earlier studies suggested that surface roughness may have dominant influence on
biofouling colonisation through producing sites for retention and propagation [169].
Table 29 shows that the average surface roughness of the samples seemed to be
reduced by the treatments used. Better networking achieved by nanoparticle addition
made treatments ‘smoother’ by decreasing the number and extent of surface
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irregularities. However since surface roughness was on average reduced to such a
small degree, this factor could be considered negligible for bioreceptivity assessment.
8.2.4

Culture Streaming Study

To assess the effectiveness of the nanoparticulate treatments to resist biofouling a
culture streaming test was conducted. Figure 90 shows that carbonation in addition to
biofouling was abundant on untreated samples. Table 30 shows the extent of
biofouling as well as the impact of carbonation on aesthetical alteration of the various
substrates over the testing duration. Nanoparticulate treatments effectively reduced
carbonation, most likely due to better bonding and structuring allowing less potential
for the substrates to be subjected to pore moisture or carbon dioxide interaction. It
should be noted that although pH was not monitored in this study it has a marked
influence on bioreceptivity; reduced carbonation would allow more biofouling to
occur [185] [186]. Thus, treatments are expected to be more effective than shown in
this study.

Figure 90: Untreated mortar before (Left) and after (right) 8 weeks of streaming test
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Table 30: Example of culture streaming sample modification over time
0

1

2

3

Weeks
4

5

6

7

8

TC

EC

ET

EZ

Figure 91 shows the change in mean intensity compared to the original value; all
samples were darkened with soiling matter. The results show that titanium dioxide
and zinc oxide treatments resisted biofouling to a greater extent than the control
emulsion, while untreated samples showed extensive colonisation. The average
biofouling surface coverage is shown in Figure 92. All treatments showed
significantly reduced surface coverage over the test duration compared to the
untreated samples. Nanoparticulate treatments again performed better than the control
emulsion. Since biofouling did not follow a visibly consistent deposition with
streaming paths, this may be the reason for the low surface coverage rate shown in
later weeks [171].

From the results it can be seen that intensity varies for the treated samples by ~4%
between the emulsion control and the nanoparticulate emulsions. However, when
assessing the treated samples biofouling coverage area there was only ca. <1%
difference achieved. Thus, the coverage area is relatively consistent for all three
treated samples, but much lighter in colour for the titanium dioxide and zinc oxide
treatments. This may be considered due to photo-induced breakdown occurring of the
soiling matter lightening the interface. Carbonation cannot account for this difference
as the control treatment was observed to have been more susceptible to its influence.
Additionally, it cannot be attributed to water retention, differences in surface
roughness, or porosity, since the preliminary tests showed that all samples and
treatments used were comparable in nature. If improved water repellence was the
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main reason for the reduced intensity difference, it would not explain the similar
coverage area observed for the treatment control and nanoparticulate samples, which
were almost identical. This means that photo-induced sanitisation had to be the reason
for the lighter colour.

Table 31 shows the data logger results for the 8 weeks of testing. It can be seen that
UV irradiation and humidity varied over the 24hr cycles; thus, photocatalytic
performance at the surface must have varied. Since surface conditions change due to
variable environmental conditions, water beading will vary as will the efficacy of the
nanoparticulate treatments. In order to assess the results effectively in terms of
bioreceptivity three elements are of interest; the substrate, the surface in ‘optimised
photocatalytic’ conditions, and the surface in ‘constrained photocatalytic’ conditions.

The difference observed for the nanoparticulate treatments is related to the following.
Titanium dioxide has band gap energy levels more suited to natural light applications
than zinc oxide, which could explain the reduced fouling intensity produced by the
titanium dioxide treatments [187] [188]. Conversely, it has been found that zinc oxide
does not alter its structure during the photocatalytic process unlike the titanium
dioxide [188]. This could explain the seemingly improved reduction in biofouling
surface coverage over the duration of testing since it is not constrained by the
silane/siloxane alteration of the particulate. Although zinc oxide would be less
efficient at breaking down contaminants with a poorer distribution per unit area due to
aggregation found by prior investigation [147], it should be more stable and effective
over the duration of the treatments service life.
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Figure 91: Average intensity of streaming test samples.
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Figure 92: Evaluation of average biofouling surface coverage over test duration
Table 31: Remote Probe Results for streaming test

Temperature (°C)
Humidity (%RH)
Illumination (Lx)
UV Irradiance
(mW/cm2)

Average
‘Day’
Value
30.8
53
1743
0.0770

Average
‘Night’
Value
23.6
83
0.0
0.0000

Test Duration
Average Value
27.1
67
1024.1
0.0407
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8.2.5

Bioreceptivity

All tested samples showed relatively similar values for the surface roughness and
initial porosity, and therefore were not considered dominant bioreceptivity factors in
this study. It is clear that the photocatalytic attributes of these treatments studied
reduce bioreceptivity but are dependent on conditions. Interface soiling intensity in
‘optimised

photocatalytic

photocatalytic conditions’

conditions’

may

be

different

from

‘constrained

due to varied chemical breakdown and runoff

characteristics. Conversely, water beading may remain consistently high inside pores
due to the lack of UV exposure. Thus, subsurface biofouling may grow at different
rates to surface counterparts. This makes any bioreceptivity prediction for such
treatments difficult due to the variation in conditions that these treatments may be
exposed to.

8.3 Summary
Photo-induced sanitisation seems to have been observed through goniometric
assessment which implies that <0.1wt% nanoparticulate metal oxide can achieve this
effect. The reaction rate/film forming rate of the treatments were similar. External
environmental conditions may differ greatly with those of the experiment, allowing
only a treatment comparison to be made. Titanium dioxide was more effective than
zinc oxide at photo-sanitization and considered due to the available surface area
available at the treatments interface. In addition it was observed that the metal oxide
samples also produced the largest WCA beading effect before UV exposure
potentially reducing possible fouling in UV absent conditions.

The biofouling study assessed bioreceptivity of nanoparticulate treatments through a
controlled culture streaming study and independently characterised morphological,
visual and water repellent alteration of the substrate to determine governing factors
and treatment impact. From the field of study presented the following conclusions
were drawn;
•

A significant treatment depth could be obtained and was not compromised by the
incorporation of nanoparticulates.
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•

Surface roughness, pore morphology and visual aesthetics were not effectively
altered by the treatments.

•

For the nanoparticulate treatments water contact angle varied at the facade
surface, but remained high inside pores due to the absence of UV light.

Biofouling intensity and surface coverage was significantly reduced through the use
of nanoparticulate additives when compared to the control treatment, and was
attributed to the photo-induced breakdown of contaminants.
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Chapter 9: Conclusions and Recommendations

167

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

9.1 Conclusions
Throughout the presented project, investigation and development of fundamental
knowledge and understanding of this virgin field has been achieved. Development and
optimisation of a base emulsion through the assessment of the stability mechanisms
via morphological, stress and rheological testing has occurred. Nanoparticulate
dispersion and optimisation was achieved through morphological characterisation of
particulate interfacial characteristics and morphological properties. Incorporation and
dispersion of these colloidal mediums in the base emulsion were then assessed
through thermodynamic stressing, gravitational stressing, turbidity, and droplet
morphology. From these studies, a practical and novel nanoparticulate enhanced
facade emulsion was developed. To this end, the project was highly successful as the
final treatments did not effectively alter the aesthetics of tested masonry materials,
making them universally viable for retrofit applications while expanding the field of
facade remediation. From the presented project, the following conclusions were made;
1. Formulation of silane/siloxane macroemulsions was successfully achieved
through investigation of surfactant and volume ratios, siloxane type and mixing
procedure, to achieve an optimised emulsion. From various systematic tests, a
‘base emulsion’ was successfully produced. In addition, further testing helped also
to identify that hydroxyl terminated siloxane could be integrated into such systems
to improve the ‘green credentials’ of the emulsions; water and not ethanol or
methanol was the by-product of the condensation reaction. No information has
been found on the use of such siloxanes in this manner and thus may be a new
development in the field.

2. Titanium dioxide and zinc oxide nanoparticulates were incorporated into the
formulated silane/siloxane emulsions and assessed before application. Successful
dispersion of nanoparticulates was achieved through ultrasonic mixing. These
nanoparticulate colloids were then added to the developed emulsions and stress
tests showed that the nanoparticulate emulsions were substantially more stable
than the emulsion control. Performance was considered to have been governed by
nanoparticulate distribution within the emulsions; increasing available bonding
and steric barrier potential between phases. The titanium dioxide and zinc oxide
particulates were found through TEM and nitrogen isothermal analysis to
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aggregate to a different extent, and this was considered the governing influence
controlling emulsion stabilisation and rheological characteristics. Rheological
study showed that a gelled network structure was produced by the incorporation of
the nanoparticulate colloidal dispersion. Nanoparticulate dispersions through
networking increased the zero-rate viscosity of the emulsion and thus helped to
improve stability. The nanoparticulates also helped produce a steric barrier
between the polar phases, helping to reduce interaction and retain micelle
formation.

3. SEM and EDX analysis showed that nanoparticulates could be applied in a
uniform and distributed manner through the system developed, to both the surface
and pore interior of masonry substrates when dispersed in the continuous phase.
The novel nature of this, is that the particulates helped stabilise the emulsion
system, and then after treatment also provides beneficial facade protection.
Conventionally, nanoparticulates are functionalised and integrated into the
dispersed phase of a colloid, however here it can be shown that this is not
necessary and that particulate capping is not required. This allows nanoparticulate
emulsions to be prepared quickly and easily, making them highly suited for
commercial applications.

4. Developed treatments did not effectively block pores but modify them altering the
water repellent characteristics of the substrate. Water repellent attributes were
found to be governed predominantly by the chemical nature of the treatment and
to a lesser extent the surface roughness. Small quantities of nanoparticulates
influenced water repellence considerably. It was also found that due to zinc oxide
aggregating more than titanium dioxide, due to morphological characteristics,
dispersion controlled performance extensively.

5. Thermal envelope efficiency improved through the reduction of retained water in
various forms. To assess this, both physical and modelled analysis was conducted
using model houses. It was found that humidity became trapped, particularly in
wet conditioning of the exterior of the structures, reducing thermal envelope
efficiency. Results implied that a treatment unlike a coating would be more useful
for removing unwanted humidity passively, and thus reduce possible
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microbiological decay of the interior, and health related problems posed to the
occupants.

6. A biofouling study was conducted within a rig that was designed to help reduce
variables associated with other similar studies. The rig included UV lights as well
as standard florescent lamps and can be claimed to be the first of its kind for
bioreceptivity testing of photo-catalytic materials. Biofouling results showed that
treatments with <0.1wt% of the aforementioned nanoparticulates could reduce
bioreceptivity through what is considered photo-induced sanitisation. Due to
photo-induced sanitisation only being achievable in UV conditions, bioreceptivity
at the surface is considered to be different from that of the subsurface of the
substrate. This implies that internal pores would remain highly hydrophobic
regardless of surface conditions; a novel attribute for simultaneous photo-induced
sanitisation and rising damp remediation. The significance of this work is that a
treatment that does not affect the aesthetics of the substrate can be achieved and
provide photo-induced sanitisation, a breakthrough in facade protection.

9.2 Recommendations
Based upon the work carried out during this study the following are recommended
points for future work;
•

Development and further characterisation of the emulsions presented would
need to be conducted to assess compliance to UK building regulations
(Bulding Act 1984 and Building (Scotland) Act 2003). Specifically sections
pertaining to; fire (part A), toxic substances (part D), ventilation (part F),
conservation of fuel and power (part L), and regulation 16 relating to Standard
Assessment Procedure (SAP) rating and labelling. New amendments to
building regulations in 2006 now also state that alteration of energy efficiency
needs to be assessed and stated according to regulation 16, which would
compliance after treatment application to relevant structures [193].

•

UV degradation may also be of interest for such treatments to assess their
suitability during service.
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•

Leaching of nanoparticulates and other constituents would need analysis and
consideration, both to assess the service life of treatments, and the
toxicological impact they have on humans and the environment.

•

Further research should lead to a life cycle assessment being conducted to
assess the environmental impact of such treatments.

•

Cryogenic TEM, X-ray photoelectron spectroscopy (XPS), secondary ion
mass spectrometry (SIMS), and atomic force microscopy (AFM) may help
elucidate upon the nanoparticulate dispersion mechanisms occurring within
the emulsions and on what happens during and after curing. Due to the nature
of these test methodologies, they are considered suited for such nano-scale
investigations.

•

Further testing is required to ascertain the full extent water effects thermal
envelope efficiency and how the various treatments reduce water content in
relation to this. Research may lead to regression analysis and give an insight
into specific mechanisms governing thermal insulation for such treatments.

•

Further testing and assessment of biofouling using different conditions and
microbiological species may be of interest for other common forms of
biofouling. In addition, work on a more suitable theoretical model of
bioreceptivity with respect to the treatments tested could be developed.

•

Incorporation and testing of novel visible light band-gap sensitive photocatalytic

molecules,

impurity

doped

nanoparticulates,

and

oxide

semiconductor photocatalysts may be of interest as they may allow more
photo-induced sanitisation to be achieved [194] [195] [196].
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Appendix A: Pilot Study - Volume Fraction Testing
Table 32: Initial volume fraction test overview (to be used in conjunction with Table 33)

Test Name

Oil Percentage (wt%)

Surf A + B Ratio

A1

n-octyltriethoxysilane 9

A70/30B

A2

n-octyltriethoxysilane 19

A70/30B

A3

n-octyltriethoxysilane 29

A70/30B

A4

n-octyltriethoxysilane 39

A70/30B

A5

n-octyltriethoxysilane 49

A70/30B

A6

n-octyltriethoxysilane 59

A70/30B

A7

n-octyltriethoxysilane 69

A70/30B

A8

n-octyltriethoxysilane 79

A70/30B

A9

n-octyltriethoxysilane 89

A70/30B

A10

Isooctyltriethoxysilane 9

A70/30B

A11

Isooctyltriethoxysilane 19

A70/30B

A12

Isooctyltriethoxysilane 29

A70/30B

A13

Isooctyltriethoxysilane 39

A70/30B

A14

Isooctyltriethoxysilane 49

A70/30B

A15

Isooctyltriethoxysilane 59

A70/30B

A16

Isooctyltriethoxysilane 69

A70/30B

A17

Isooctyltriethoxysilane 79

A70/30B

A18

Isooctyltriethoxysilane 89

A70/30B

Table 33: Emulsion composition for initial volume fraction test

A1
A10

Phase
Oil
Water

Mass for 100g (g)
9
89

Volume For 100g (ml)
9.0
89.0

Surf A
Surf B

1.4
0.6

1.4
0.7

Total

100

100.1

A2
A11

Phase
Oil
Water
Surf A
Surf B
Total

Mass for 100g (g)
19
79
1.4
0.6
100

Volume For 100g (ml)
19.0
79.0
1.4
0.7
100.1

A3
A12

Phase
Oil
Water
Surf A
Surf B
Total

Mass for 100g (g)
29
69
1.4
0.6
100

Volume For 100g (ml)
29.0
69.0
1.4
0.7
100.1
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A4

Phase

Mass for 100g (g)

Volume For 100g (ml)

A13

Oil
Water
Surf A
Surf B
Total

39
59
1.4
0.6
100

39.0
59.0
1.4
0.7
100.1

A5

Phase

Mass for 100g (g)

Volume For 100g (ml)

A14

Oil
Water
Surf A
Surf B
Total

49
49
1.4
0.6
100

49.0
49.0
1.4
0.7
100.1

A6
A15

Phase
Oil
Water

Mass for 100g (g)
59
39

Volume For 100g (ml)
59.0
39.0

Surf A
Surf B
Total

1.4
0.6
100

1.4
0.7
100.1

Phase
Oil
Water
Surf A

Mass for 100g (g)
69
29
1.4

Volume For 100g (ml)
69.0
29.0
1.4

Surf B
Total

0.6
100

0.7
100.1

A8
A17

Phase
Oil
Water
Surf A
Surf B
Total

Mass for 100g (g)
79
19
1.4
0.6
100

Volume For 100g (ml)
79.0
19.0
1.4
0.7
100.1

A9
A18

Phase
Oil

Mass for 100g (g)
89

Volume For 100g (ml)
89.0

Water
Surf A
Surf B
Total

9
1.4
0.6
100

9.0
1.4
0.7
100.1

A7
A16
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Table 34: Phase separation results of initial volume fraction testing

Test No.

Total Emulsion Volume (ml)

Separated
Phase volume
Total (ml)

Percentage
Separation
(%)

A1

14.0

2.0

14.3

A2

14.0

3.5

25.0

A3

14.0

5.5

39.3

A4

14.0

7.5

53.6

A5

14.0

9.0

64.3

A6

14.0

11.5

82.1

A7

13.0

11.5

88.5

A8

13.0

12.5

96.2

A9

14.0

1.5

10.7

A10

14.0

2.0

14.3

A11

14.0

3.5

25.0

A12

14.0

5.5

39.3

A13

14.0

7.5

53.6

A14

14.0

9.0

64.3

A15

14.0

11.2

80.0

A16

12.5

11.4

91.2

A17

12.0

11.6

96.7

A18

14.0

1.0

7.1
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Table 35: Test overview of second volume fraction testing (to be used in conjunction with Table 36)

Sample
No.

Oil Weight Percentage
(wt%)

Surfactant
Ratio B + C

Surfactant
Concentration

A1

Isotriethoxysilane 69

B90/10C

2%

A2

Isotriethoxysilane 74

B90/10C

2%

A3

Isotriethoxysilane 79

B90/10C

2%

A4

Isotriethoxysilane 84

B90/10C

2%

A5

Isotriethoxysilane 89

B90/10C

2%

B1

3500 cSt PDMS 69

B90/10C

2%

B2

3500 cSt PDMS 74

B90/10C

2%

B3

3500 cSt PDMS 79

B90/10C

2%

B4

3500 cSt PDMS 84

B90/10C

2%

B5

3500 cSt PDMS 89

B90/10C

2%

C1

Isotriethoxysilane 68

B90/10C

4%

C2

Isotriethoxysilane 73

B90/10C

4%

C3

Isotriethoxysilane 78

B90/10C

4%

C4

Isotriethoxysilane 83

B90/10C

4%

C5

Isotriethoxysilane 88

B90/10C

4%

D1

3500 cSt PDMS 68

B90/10C

4%

D2

3500 cSt PDMS 73

B90/10C

4%

D3

3500 cSt PDMS 78

B90/10C

4%

D4

3500 cSt PDMS 83

B90/10C

4%

D5

3500 cSt PDMS 88

B90/10C

4%

Table 36: Formula compositions tested for second volume fraction testing

A1

A2

A3

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

69

0.9

76.7

Water

29

1

29.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

74

0.9

82.2

Water

24

1

24.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

79

0.9

87.8

Water

19

1

19.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2
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A4

A5

B1

B2

B3

B4

B5

C1

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

84

0.9

93.3

Water

14

1

14.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

89

0.9

98.9

Water

9

1

9.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

69

0.9

76.7

Water

29

1

29.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

74

0.9

82.2

Water

24

1

24.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

79

0.9

87.8

Water

19

1

19.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

84

0.9

93.3

Water

14

1

14.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

89

0.9

98.9

Water

9

1

9.0

Surf B

1.8

1

1.8

Surf C

0.2

0.92

0.2

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

197

‘Novel Nano-particulate/Polymer Treatment Systems for Masonry Enhancement and Protection’

C2

C3

C4

C5

D1

D2

D3

Oil

68

0.9

75.6

Water

28

1

28.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

73

0.9

81.1

Water

23

1

23.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

78

0.9

86.7

Water

18

1

18.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

83

0.9

92.2

Water

13

1

13.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

88

0.9

97.8

Water

8

1

8.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

68

0.9

75.6

Water

28

1

28.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

73

0.9

81.1

Water

23

1

23.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

78

0.9

86.7

Water

18

1

18.0
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D4

D5

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

83

0.9

92.2

Water

13

1

13.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Phase

Mass for 100g (g)

Density (g/cc)

Volume For 100g (ml)

Oil

88

0.9

97.8

Water

8

1

8.0

Surf B

3.6

1

3.6

Surf C

0.4

0.92

0.4

Table 37: Phase separation results of second volume fraction testing

Test No.

Total
Emulsion
Volume (ml)

A1

12.2

Separated
Phase
volume
Total (ml)
1.8

A2

13.2

1.5

11.4

A3

12.0

0.7

5.8

A4

13.5

0.4

3.0

A5

13.6

0.2

1.5

B1

12.0

0.9

7.5

B2

12.0

0.5

4.2

B3

12.5

0.2

1.6

B4

13.5

13.2

97.8

B5

14.0

13.8

98.6

C1

12.0

0.9

7.5

C2

13.0

0.7

5.4

C3

13.5

0.5

3.7

C4

13.0

0.3

2.3

C5

13.4

12.4

92.5

D1

13.4

0.0

0.0

D2

12.8

0.0

0.0

D3

13.3

0.0

0.0

D4

14.0

9.5

67.9

D5

14.2

11.5

81.0

Percentage Separation after
3 days (%)
14.8
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Appendix B: Pendent Drop Testing
The following tables in this section give phase definitions used for the pendent drop
experiment.
Table 38: Distilled water phase definition

Characteristic
Density (g/cm3)
γ (mN/m)
γd (mN/m)
γ+ (mN/m)
γ- (mN/m)

Value
0.9986
72.80
21.80
25.50
25.50
Table 39: Air phase definition

Characteristic
Density (g/cm3)

Value
0.0013
Table 40: Ethanol phase definition

Characteristic
Density (g/cm3)
γ (mN/m)
γd (mN/m)
γ+ (mN/m)
γ- (mN/m)
MW

Value
0.7937
22.40
18.80
0.02
68.00
46.1

Table 41: n-isooctyltriethoxysilane phase definition

Characteristic
Density (g/cm3)

Value
0.88
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Appendix C: Rheology of POE (60) in Base Emulsion
Table 42 shows sample descriptions used during testing of surfactant concentration
requirement without particulate incorporation.
Table 42: Surfactant concentration test sample descriptions

7.5% APDMS
409A-E1

Constituent mass (g)

Density (g/cc^3)

POE (60)

0.2

1.00

72.0

0.88

7.5

0.98

20.1

1.00

ITES
APDMS
Distilled Water

7.5% APDMS
409A-E2

Constituent mass (g)

Density (g/cc^3)

POE (60)

0.3

1.00

72.0

0.88

7.5

0.98

20.0

1.00

ITES
APDMS
Distilled Water

7.5% APDMS
409A-E3

Constituent mass (g)

Density (g/cc^3)

POE (60)

0.4

1.00

72.0

0.88

7.5

0.98

19.9

1.00

ITES
APDMS
Distilled Water

7.5% APDMS
409A-E4

Constituent mass (g)

Density (g/cc^3)

POE (60)

0.5

1.00

72.0

0.88

7.5

0.98

19.8

1.00

ITES
APDMS
Distilled Water
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Appendix D: Emulsification Optimisation
Section A: Colloidal Emulsification Optimisation
Aim: to evaluate the mixing time required to incorporate 10wt% titanium dioxide and
10wt% colloidal dispersions into the base emulsion (excluding PDMS).
Apparatus
n-isooctyltriethoxysilane 95% (ITES)
non-ionic polyoxyethylene(15) and (60) stearylamine (POE)
Distilled water (0 PPM)
Titanium dioxide 15nm (anatase 99%)
Zinc oxide 20nm (99.5%)
Ultrasonic mixer
Homogeniser
Mixer 175W with blade head
Method
1. ITES and surfactant were put into a container with distilled water placed into
another container. Both were heated at 90°C in a water bath until the surfactant
dissolved.
2. All of the water was added quickly to the oil mixture.
3. The oil container was removed from the water bath and homogenised through
making localised concentration of emulsion at the phase interface and then
increasing this by moving the homogeniser up. This process took
approximately 30s.
4. 10wt% nanoparticulate colloidal dispersions produced through ultrasonication
was produced and incorporated at the relevant concentrations.
5. The homogeniser was replaced with a blade headed mixer and each respective
emulsion was mixed for different times at this stage and then assessed through
centrifugation and turbidity.
6. Finally 50v/v% solutions were produced by diluting each respective emulsion
with distilled water. These emulsions were then fixed using a water based
fixative to microscope slides and pictures of each emulsion taken through
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microscopy. These images were then transformed into 256 bit greyscale
images and a threshold of 130-256 was used to produce droplet size data.
7. All results were evaluated.

Results and Discussion
Table 43: Average droplet diameters against mixing time

Mixing Time
(Mins)
0.0
0.5
1.0
2.0
3.0
4.0
5.0
Mixing Time
(Mins)
0.0
0.5
1.0
2.0
3.0
4.0
5.0
Mixing Time
(Mins)
0.0
0.5
1.0
2.0
3.0
4.0
5.0

Control Emulsion
Mean Diameter
(µm)
17.4
12.5
9.7
10.6
12.2
9.9
12.9
TiO2 Emulsion
Mean Diameter
(µm)
14.1
12.2
14.4
11.3
13.0
10.6
16.0
ZnO Emulsion
Mean Diameter
(µm)
12.9
11.6
7.7
10.3
11.4
11.0
13.1

Standard
Deviation
14.7
8.7
7.5
6.6
10.1
6.5
10.0
Standard
Deviation
12.9
8.4
9.0
9.9
10.4
8.9
13.4
Standard
Deviation
10.0
9.3
4.3
7.8
9.4
9.0
10.7

Table 43 shows that a highly polydispersed emulsion was produced from mixing with
little difference between the control and the nanoparticulate emulsions. Thus at the
concentration tested, colloidal incorporation through the method discussed does not
effectively alter the morphology of the emulsion. Results seem to suggest that since
mixing adds energy (and heat) to the emulsion, micelles formed earlier in the mixing
process are broken down, most probably through coalescence. Micelles may be
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pushed together after overcoming the physical barriers presented by the solid and
surfactant system.
160
Control

140

TiO2

ZnO

Turbidity (NTU)

120
100
80
60
40
20
0
0.0

0.5

1.0

2.0

3.0

4.0

5.0

Mixing Time (mins)
Figure 93: Average turbidity against mixing time

Figure 93 shows the average turbidity of samples against mixing time. The results
show that the haze of an emulsion regardless of nanoparticulate incorporation seems
to stabilise. This combined with the results in Table 43 may help show that after 2
minutes of mixing the droplets will not get any smaller. It may be that after 2 minutes
of mixing a larger proportion of droplets coalesce and thus increase the droplet size
average, however the continuous water phase may still be more distributed in the
emulsion and thus the reason for the levelling off shown after two minutes.
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Figure 94: Average separation of control emulsion against various mixing times
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Figure 95: Average separation of titanium dioxide emulsion against various mixing times
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Figure 96: Average separation of zinc oxide emulsion against various mixing times

The results shown in Figure 95 show a greater separation than the results in Figure 94
and Figure 96. Centrifugation for results in Figure 95 was conducted in a relatively
hot environment and thus the results may be considered anomalous. It however would
be reasonable to assume that results would be similar to the zinc oxide results as they
seem sensible when comparing to the control.
Conclusions
Results show that optimised mixing time is between 1 and 3 minutes when mixing
100ml of emulsion using the method described.

Section B: Siloxane Emulsification Optimisation
Stage 4a Aim: to evaluate the mixing time required to incorporate 5wt% OH
terminated PDMS 3500cSt at 2000rpm using a lab mixer.
Apparatus
n-isooctyltriethoxysilane 95% (ITES)
non-ionic polyoxyethylene(15) and (60) stearylamine (POE)
3500cSt 0.08% OH terminated polydimethylsiloxane (OH-PDMS)
Distilled water (0 PPM)
Titanium dioxide 15nm (anatase 99%)
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Zinc oxide 20nm (99.5%)
Ultrasonic mixer
Homogeniser
Mixer 175W with blade head
Lab mixer with impeller head

Method
1. ITES and surfactant were put into a container with distilled water placed into
another container. Both containers were heated at 90°C in a water bath until
the surfactant dissolved.
2. All of the water was added quickly to the oil mixture.
3. The oil container was removed from the water bath and homogenised through
making localised concentration of emulsion at the phase interface and then
increasing this by moving the homogeniser up. This process took
approximately 30s.
4. The emulsion was mixed using a mixer with a blade head for 2 minutes.
5. 5wt% siloxane was then added to the base emulsion (at the expense of the oil
fraction wt%) and mixed at various times using a lab mixer at 2000rpm for
various times.
6. Turbidy and physical stability was assessed.

Results & Discussion
Figure 97 shows the turbidity results for 5wt% 3500cSt PDMS mixed at 2000rpm for
various durations. The results show that mixing time is optimised at ca. 1 minute.
Figure 98 shows the physical stress results after centrifugation. Emulsions mixed for
ca 1 minute showed the best results with less mixing achieving a better stability. This
may be due to silane and siloxane dispersed phases not being completely soluble in
such a system. This therefore shows why dispersing the two phases would actually
reduce stability at longer mixing times. Alternatively, mixing speed for incorporation
may be too high and lead to micelle rupturing and emulsion separation.
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Figure 97: Average turbidity results for emulsions containing 5wt% 3500cSt OH-PDMS, mixed at 2000rpm
over different periods of time
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Figure 98: Average separation of base emulsion containing 5wt% 3500cSt OH-PDMS against various
mixing times at 2000rpm
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Conclusions
Results seem to indicate that mixing siloxane into the emulsion is optimised ca 1
minute at 2000rpm using the method described.

Section C: Siloxane Incorporation and Optimisation in Base Emulsion
Table 44 shows sample descriptions used to assess hydroxyl terminated siloxane
viscosity and concentration in the base emulsion. N.B. a small quantity of polyvinyl
alcohol (PVA 18-88; Sigma Aldrich) was added initially in the water phase as a
1:4wt% distilled water solution to help reduce film forming during testing.
Table 44: Sample descriptions for siloxane viscosity and concentration test

0% PDMS
1

B1-7

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

79.6

0.88

PDMS 3500

0.0

0.98

Distilled Water

18.9

1.00

B8-14

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

72.1

0.88

PDMS 3500

7.5

0.98

Distilled Water

18.9

1.00

B15-21

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

64.6

0.88

PDMS 3500

15.0

0.98

Distilled Water

18.9

1.00

7.5% PDMS 3500
2

15% PDMS 3500
3

30% PDMS 3500
4

B22-28

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

49.6

0.88

PDMS 3500

30.0

0.98

Distilled Water

18.9

1.00
45% PDMS 3500
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5

B29-35

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

34.6

0.88

PDMS 3500

45.0

0.98

Distilled Water

18.9

1.00

B36-42

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

72.1

0.88

PDMS 3500

7.5

0.98

Distilled Water

18.9

1.00

B43-49

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

64.6

0.88

PDMS 3500

15.0

0.98

Distilled Water

18.9

1.00

7.5% PDMS 50,000
6

15% PDMS 50,000
7

30% PDMS 50,000
8

B50-56

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

49.6

0.88

PDMS 3500

30

0.98

Distilled Water

18.9

1.00
45% PDMS 50,000

9

B57-63

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

34.6

0.88

PDMS 3500

45.0

0.98

Distilled Water

18.9

1.00
7.5% PDMS 90-120,000

10

B64-70

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

72.1

0.88

PDMS 3500

7.5

0.98

Distilled Water

18.9

1.00
15% PDMS 90-120,000

11

B71-77

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00
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PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

64.6

0.88

PDMS 3500

15.0

0.98

Distilled Water

18.9

1.00
30% PDMS 90-120,000

12

B78-84

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

49.6

0.88

PDMS 3500

30.0

0.98

Distilled Water

18.9

1.00
45% PDMS 90-120,000

13

B85-91

Constituent mass (g)

Density (g/cc^3)

POE (15)

0.6

1.00

PVA 18-88 25wt% Conc.

0.9

(Dry 0.4-0.6) taken as 1 in solution

Iso Silane

34.6

0.88

PDMS 3500

45.0

0.98

Distilled Water

18.9

1.00
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Appendix E: Emulsion Morphology
Table 45 shows the emulsion descriptions of samples used during optical microscopy
assessment.
Table 45: Emulsion optical microscopy descriptions

0 min /2,000rpm
STG3A-1

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
1 min /2,000rpm

STG3A-2

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
3 min /2,000rpm

STG3A-3

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
5 min /2,000rpm

STG3A-4

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.0

Distilled Water

19.9

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.0

Distilled Water

19.9

1.00
10 min /2,000rpm

STG3A-5

1.00
20 min /2,000rpm

STG3A-6

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00
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Iso Silane

79.8

10% TiO2 Solution

0.0

Distilled Water

19.9

0.88
1.00
30 min /2,000rpm

STG3A-7

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.0

Distilled Water

19.9

1.00
0 min /2,000rpm

STG3A-8

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
1 min /2,000rpm

STG3A-9

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00
0.88

Iso Silane

79.8

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
3 min /2,000rpm

STG3A-10

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
5 min /2,000rpm

STG3A-11

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
10 min /2,000rpm

STG3A-12

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6
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Distilled Water

19.3

1.00
20 min /2,000rpm

STG3A-13

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
30 min /2,000rpm

STG3A-14

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% TiO2 Solution

0.6

Distilled Water

19.3

1.00
0 min /2,000rpm

STG3A-15

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

1.00
1 min /2,000rpm

STG3A-16

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

1.00
3 min /2,000rpm

STG3A-17

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

1.00
5 min /2,000rpm

STG3A-18

1.00
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10 min /2,000rpm
STG3A-19

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

1.00
20 min /2,000rpm

STG3A-20

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

1.00
30 min /2,000rpm

STG3A-21

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

79.8

0.88

10% ZnO Solution

0.6

Distilled Water

19.3

1.00

Table 46 shows the emulsion descriptions used during the phase dilution test.
Table 46: Phase dilution sample descriptions

STG4-70

STG4-71

STG4-72

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

74.8

0.88

10% TiO2 Solution

0.0

PDMS 3500cSt

5.0

Distilled Water

19.9

1.00

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00

Iso Silane

74.8

0.88

10% TiO2 Solution

0.6

PDMS 3500cSt

5.0

Distilled Water

19.3

1.00

Material

Constituent mass (g)

Density (g/cc^3)

POE (15/60) 20:80

0.3

1.00
0.88

Iso Silane

74.8

10% ZnO Solution

0.6

PDMS 3500cSt

5.0

Distilled Water

19.3

1.00
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Appendix F: Nanoparticulate Optimisation
Table 47: Nanoparticulate emulsion descriptions used in assessing emulsions stability mechanisms

Emulsion Control
1

A-M1

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Nanoparticulate

0.0

PDMS 3500cSt

7.5

Distilled Water

19.2
Emulsion Titanium Dioxide

2

A-M2

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Titanium Dioxide (10wt%)

0.1

PDMS 3500cSt

7.5

Distilled Water

19.1
Emulsion Titanium Dioxide

3

A-M3

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Titanium Dioxide (10wt%)

0.3

PDMS 3500cSt

7.5

Distilled Water

18.9
Emulsion Titanium Dioxide

4

A-M4

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Titanium Dioxide (10wt%)

0.5

PDMS 3500cSt

7.5

Distilled Water

18.7
Emulsion Zinc Oxide

5

A-M5

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Zinc Oxide (10wt%)

0.1

PDMS 3500cSt

7.5

Distilled Water

19.1
Emulsion Zinc Oxide

6

A-M6

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Zinc Oxide (10wt%)

0.3

PDMS 3500cSt

7.5
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Distilled Water

18.9
Emulsion Zinc Oxide

7

A-M7

Constituent mass (g)

POE (15/60) 20:80

0.3

Iso Silane

73.0

Zinc Oxide (10wt%)

0.5

PDMS 3500cSt

7.5

Distilled Water

18.7
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