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Abstract

The development of hard surface cleaning formulation typically involves the combination of design
of experiment approaches, intuition held by formulators, and some guiding principles. The aim of
this thesis was to apply a machine learning methodology to optimise cleaning formulations, as it
could be faster and more efficient. Bayesian Optimisation is a method to rapidly globally optimise
parameters with regard to a number of multiple inputs by designing sequential experiments.
Initially, the optimal binary and ternary mixtures with respect to the minimum in surface tension
were identified for the surfactants lauramine oxide (LO), benzalkonium chloride (BC) and decyl
glucoside (DG) with a reduced number of required experiments compared to the use of a compared
to use of a factorial or matrix method. In the optimised binary mixture of LO, a zwitterionic
surfactant, and BC, a cationic surfactant, the concentration of surfactants was lower than their
individual CMCs, 70% of its CMC for 70 and 18.8% of its CMC for BC. In addition, the surface tension
of the solution was 29.89 + 0.07 mN m™* which was lower than either surfactant’s minimum, 33.49
mN m for LO and 35.17 mN m™. Multiple ternary mixtures were identified around an optimum
surface tension of 28.04 + 0.20 mN m* which was lower than both the surfactants alone and the
optimised binary mixtures. Subsequently, Bayesian Optimisation was applied to the optimisation of
a ternary surfactant mixture with respect to its cleaning efficacy. A repeatable method to measure
the removal of a triacylglyceride (TAG) film (soil) was developed for this purpose. A ternary
surfactant mixture was optimised from a starting solution achieving 55% removal, to a final solution
of LO at 1636 times the CMC, DG at 1.5 times the CMC at pH 11, which removed 95.73 £ 2.36 %,
within 40 experiments. Due to the inherent black-box nature of Bayesian Optimisation, there is a
lack of ability to provide insight into the mechanism of soil removal by the surfactant system. Hence,
a study was performed to attempt to understand the mechanisms by which the triacyl glyceride soil
is removed from hard surfaces, by the surfactants LO, BC and DG. It was found that BC was much
poorer at soil removal that LO and DG, comparison of the critical micelle concentrations of DG and
LO with the relationship between concentration and soil removal showed correlation between the
onset of soil removal and the formation of micelles suggesting surfactant micelles are required for

the removal of soil and high pH causes soil removal due to saponification of the surfactant.
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1. Introduction

Cleaning formulations are complex mixtures of surfactants, solvents, fragrances and other additives
which must be optimised, with regards to factors such as: efficacy of cleaning, speed of soil removal
and cost, to develop highly effective cleaning products. Currently, much of formulation is empirical;
using experimental testing guided by general principles. Theoretical chemistry cannot extend to full
formulations because the current models for predicting the properties of surfactant mixtures only
extends to 3 constituents (without taking into account the soil which dictates the performance of
the formulation). Is there an alternative method by which a formulation could be optimised? In
order to answer this question, the aims of this research are two-fold: to determine whether a
cleaning formulation can be optimised more efficiently through the use of advanced applied

statistics and to examine the role of the surfactant in the mechanism of cleaning a soiled surface.
1.1 Cleaning Science

The cleaning and maintenance products industry is large and growing; the European sector alone
was estimated to be worth over 35 billion euros in 2017. Cleaning of surfaces in the home and
workplace is extremely important in reducing the spread of illness from infection, mould or food
poisoning. However, there has been little study of hard surface cleaning relative to the numerous

examples of research in the development of laundry and personal care products.™
1.1.1 Formulation form and function

A hard surface cleaner performs multiple roles; however, its primary task is the removal of soil from
a surface.®’ A soil is an unwanted deposit that includes: food remains (sugars, proteins, starches,
fats), solid particulates (rust, soot), grease and soap scum. One way to achieve cleaning is by
removing the soil and homogenising the oil and grease into tiny water-dispersible particles in order
to keep the soil in suspension and prevent re-deposition on the surface. Another way, for example,
is to detach the soil from the surface without the need to break it up into small particles, by
dissolving it in water or another solvent. In order to achieve the desired goal of complete soil
removal, there are a number of other properties required by the cleaning formulation. Firstly, the
solution must have good wetting properties to get the maximum contact of detergent with the
substrate. Another important property is rinsing because the detergent solution and soil should
drain from the surface without leaving behind any residues. In addition to these properties, a
detergent for a specific end-use will have extra requirements to its function.* For example, in a
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hospital, the cleaner will be tailored to prevent the spread of sickness and infection caused by
microorganisms on surfaces, in contrast, kitchen surface cleansers target the removal of the
unsightly, insoluble materials formed from the baking of foodstuff (with some cleaners having
antibacterial properties to ensure surfaces are safe for food preparation). As cleaners have different
functions, each formulation will contain different components in variable ratios. In general, the base

formulation will contain: one or more surfactants, a chelator, a solvent, and a biocide.

1.1.2 Surfactants

A cleaning solution relies on the surfactants to aid soil removal. Surfactants reduce the surface
tension of the cleaning solution to aid its spread over the soil, i.e. improving wetting. Surfactants
also reduce the interfacial tension between surface and soil, which aids the removal of solid soils. In
addition, surfactants aid in emulsification and/or solubilization of soils, and help to prevent re-
deposition.®® The chemistry and method of action of surfactants in formulations will be discussed

in detail later (section 1.2).

1.1.3 Sequestering and Chelating Agents

Sequestering and chelating agents are ligands which provide a binding site for the removal of
unwanted metal ions in solution by formation of a complex.!! Chelating agents are used to
counteract problems caused by the magnesium and calcium ions in hard water. These divalent
cations hinder cleaning activity by interacting with any anionic components of surfactant mixtures
and decrease the surfactant activity. Additionally, under alkaline conditions in the presence of
anionic surfactants, these cations can cause the formation of insoluble precipitates that lead to
unsightly cloudy films on hard surfaces, also known as ‘soap scum’.}2 This is one reason to use non-
ionic surfactants, such as straight-chain or branched alcohol ethoxylates or alkyl polyglycosides, as
they are not hindered by these ions. Good chelating agents have multiple binding sites for the metal
ions and so tend to be multivalent, for example, ethylene diamine tetra acetate (EDTA).X Previously,
phosphates were commonly used, but due to negative environmental impacts, such as
eutrophication, have been discontinued in favour of other chelating agents, e.g. sodium citrate,

zeolites, hydroxyethyl ethylene diamine and amino tri(methylene phosphonic) acid.”*
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1.1.4 Solvent

Solvents are used to create a homogeneous product by solubilisation of the components and
enhance cleaning ability by aiding the softening of soils for easier removal and providing a medium
for dispersal of the soil to prevent re-deposition. The most common solvent in hard surface cleaners
is water which can form up to 98% of the final formulation.* Co-solvents, such as water-soluble
glycol ethers, can be beneficial additions to aqueous formulations. They help to dissolve greasy soils
by lowering the interfacial tension, increasing the uptake of hydrophobic soils into water, and have a

lower rate of evaporation from the surface which minimises streaking.’®

1.1.5 Biocide

Biocides or antimicrobial agents are used in cleaner formulations to reduce surface microbial
concentrations and disrupt the growth of mould and mildew on surfaces. The most commonly used
chemical antimicrobial agents are quaternary ammonium compounds, alcohols (which are also
solvents) and peroxy compounds, e.g., bleach.'® The method of antimicrobial action differs for each
agent. Quaternary ammonium compounds are cationic surfactants and their positively charged
headgroups bind irreversibly to the negatively charged surfaces of the bacteria, disrupting the cell
membrane, denaturing proteins and affecting the metabolic reactions, leading to death.” Alcohols
cause proteins within the cells of the microorganisms to coagulate so that the cell membranes loose
structure and collapse. Peroxy compounds are oxidizing agents, which form hydroxyl radicals in the
presence of air, which react with the cell components causing cell collapse.'® Preservatives are a
specific class of biocides added to liquid formulations to increase the shelf-life of the product by
inhibiting microbial growth. Antimicrobial compounds are added in concentrations low enough to

protect the product from contamination.®

1.1.6 Additives

A number of additives can be included in cleaning formulations to enhance the consumer
experience, such as rheology modifiers, dyes and fragrances.® The purpose of a rheology modifiers is
to alter the flow behaviour of the final formulation, by changing its viscosity. Dyes are used to give
colour to the final formulation which gives the consumer an indication of the brand or odour of each
product. Fragrances are added to give the cleaner a pleasant smell or mask an unpleasant odour.

These can be complex mixtures of chemicals derived from synthetic or natural sources, such as D-
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limonene found in citrus oils.2’ Fragrances are often classed as trade secrets and therefore the

components are not disclosed.
1.2 Surfactants and detergents

Surfactant originates from “SURFace ACTive AgeNT” which describes the preference of a surfactant
molecule to align at interfaces.? In this section, surfactants will be discussed with respect to a
water-based rather than an oil based system. A surfactant molecule contains a hydrophilic head
group and a hydrophobic tail, forming an amphiphilic molecule. The head group is polar, and may
be charged, which makes it soluble in water. The tail group tends to be made up of linear or
branched hydrocarbon chains, which are insoluble in water, and tend to be soluble in oil, so can also

be described as lipophilic.

(o}
\S//\ Na*
/o
L J ©
||
. hydrophilic
non-polar, hydrophobic tail headgroup

A
| L. |

|
ANANANNND 2
 / \ / | | \ \ /
/ \\\/"’ v'\V/ \4’ J ,’I .\J'l‘ \/

Figure 1.1: Structure of an example surfactant, sodium dodecyl sulfate (above), and a simplified diagram of surfactant

molecule (below)

The type of head group can be used to classify different types of surfactants. Anionic surfactants
have negatively charged head groups and cationic surfactants have positively charged head groups.
Non-ionic surfactants have polar functional groups without dissociating ions, such as glucosides,

polyhydroxy units or polyethylene oxide chains.

One advantage of non-ionic surfactants is the ability to tailor their behaviour by varying the
hydrophilic-lipophilic balance (HLB). HLB is an empirical measure which can be calculated by either
the relative sizes (using Griffin’s method??) or effectiveness (using Davies’ method??) of the
hydrophilic and lipophilic regions in a molecule, and can easily be tuned by changing the ratios of
the alkoxy and hydrocarbon chain lengths.?#?*> A balance between the two sections allows the
surfactant to align at different interfaces. If the HLB is very low, the lipophilic group dominates, and

the surfactant molecule will be solubilised in oil and these surfactants tend to be used in formation
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of water-in-oil emulsions. For good detergents, the hydrophilic group dominates so the HLB tends to

be larger.?

1.2.1 Thermodynamics of surfactant adsorption

Non-polar oils and water are immiscible due to the unfavourable Gibbs’ free energy of mixing.?® For

spontaneous mixing to occur there must be a decrease in the Gibbs’ free energy:
AG=AH-TAS

where AH is the change in enthalpy, T is the temperature and AS is the change in entropy. The
mixing of two liquids is favoured by an increase in entropy. However, in the case of a non-polar oil
and water, there is a positive free energy, as a consequence of the highly negative entropic
contribution from the structuring of water molecules around oil molecules. The tendency of non-

polar oils to aggregate in water is called the hydrophobic effect.?’

1.2.2 Hydrophobic Effect

The hydrophobic effect is the spontaneous process of removing hydrophobic parts of molecules
from contact with water.?” The water molecules hydrogen bond around non-polar molecules to
form an ordered structure called a clathrate cage. The hydrophobic effect is due to the favourable,
negative Gibbs’ free energy, achieved by a negative change in entropy upon forming this cage of
water molecules surrounding the non-polar molecule.?® There is entropy lost in breaking the
hydrogen bonds initially, however the extra hydrogen bonds formed with neighbouring water
molecules compensate.? The Gibbs’ free energy to solvate a large number of well-spaced, small
hydrophobic species can be higher than to solvate a larger cluster.?® Therefore, there is effectively
attraction of non-polar molecules in water and this is what drives the formation of micelles. By
positioning the hydrophobic tails of the surfactants near each other, the system forms aggregates,

called micelles.3*

1.2.3 Miicellisation

Micelle formation aids cleaning efficiency as some of the micelles can solubilise oily soil whilst others
replenish the concentration of surfactant monomer in the bulk when surfactant is adsorbed at the
oil-water interface.3? The formation of micelles is driven by the hydrophobic effect. Micelles are

aggregates of surfactant molecules where the polar heads are orientated outwards, in contact with
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water, and non-polar tails are sequestered into the core, away from the water, to minimise
unfavourable interactions. When a surfactant is at a low concentration in water, the surfactant
molecules distribute themselves between the gas/water interface and the bulk solution. As more
surfactant is added, the interface becomes saturated with surfactant molecules, at which point, it
becomes thermodynamically favourable to form micelles, in order to reduce the contact of the

hydrophobic surfactant tails with water.>?

The thermal equilibrium in a surfactant solution is shown in figure 1.3. Surfactant molecules of the

same species exchange positions from monomer in solution, the air-water interface and in micellar

Sgassesiss
S = S

in bulk solution

aggregates.3*%

Micelle

Figure 1.3 The possible locations of a surfactant molecule in a surfactant solution

The orientation of surfactant molecules at the interface between air and water causes a reduction in
the surface tension of the solution. Surface tension is the cohesive force between liquid molecules
caused by the difference in the forces acting on a molecule in the bulk and on the surface.?* The bulk
molecules have similar neighbouring atoms in all directions so the attractive forces in action are
equal in all directions, shown schematically in figure 1.4. In contrast, the surface molecules cohere
strongly to the molecules directly associated with them which causes additional energy at the
surface. In liquids, the surface tension is equivalent to the surface energy (which is also applied to
solids). Surface energy is the energy required to form a surface. Surface tension, along with surface
energy, drive wetting and adhesion behaviour. Water, and other polar species, have a “higher”
surface tensions (e.g. ¥(H20) ~ 72 mN m™) than non-polar species (e.g ¥(CsHig) ~ 21 mN m™) due

the greater interaction forces within the liquid.

14



AN
%

L S —

AX

Figure 1.4 The forces, black arrows, on water molecules, black circle, in the bulk vs. on the surface, which cause surface

tension.

Surface tension gives rise to an energy cost in creation of additional surface, arising from the
imbalance of forces of intermolecular forces on the surface molecules verses those in the bulk,
therefore, the liquid of interest will try to minimize its surface area. Figure 1.5 illustrates the
decrease of surface tension as a function of surfactant concentration, caused by the alignment of
surfactant molecules at the interface until saturation. The critical micelle concentration (CMC) is the
concentration of surfactant at which micelles form. Below the CMC, as more surfactant is added,
more surfactant molecules orientate at the oil-water interface leading to a surface tension
reduction. Above the CMC, the interface is saturated with surfactant, and the surface tension

plateaus as micelle formation occurs.?*®

In a 2015 review, the structure of surfactants and the relationship with surface tension was
discussed in terms of the importance of hydrophobic tail group. By considering the differences in
packing between hydrocarbon, silicone and fluorocarbon surfactants, it was identified that the key

factor to a high reduction in surface tension is a high surface coverage at the CMC.
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Figure 1.4: Change in surface tension with increasing surfactant concentration. The blue dotted line indicates the critical
micelle concentration (CMC), the micelles are depicted as a red circle with a black “tail” and the solution is the area of
light blue. A depicts the surfactant solution at high surface tension where concentration of surfactant is low, B depicts
the surfactant solution when the surface tension decrease with addition of surfactant as the air-water interface is not

yet saturated and C depicts the surfactant solution at concentrations above the CMC.
1.2.4 Mixed surfactant systems

In mixtures of surfactants, such as those with differing chain lengths or differing types of headgroup,
it is possible for the CMC to be lower than that of either surfactant alone. This is an example of a
synergistic effect, where the properties of the mixture are greater than that of either pure
surfactant. These favourable effects are thought to be due to interaction between amphiphilic
groups causing non-ideal mixing of surfactants at interfaces and in micellar aggregates.?”*® The
opposite is also true; mixtures of surfactants can lead to properties inferior to those of either
surfactant, i.e. higher CMC, so-called antagonistic effects. Surfactant synergism/antagonism has

been observed to alter properties such as foaming, emulsification and dispersion.3™

The behaviour of a wide range of mixed surfactant systems has been studied.*! Due to the
complexity of these systems, they have been difficult to model. In the 1960s, the determination of
CMC’s of mixtures of non-ionic/non-ionic and ionic/ionic surfactants was attempted by treating the
mixed micelle as an ideal mixture of the pure surfactants.*? The relationship between the mole
fraction of a surfactant component and the CMC for a binary surfactant mixture in an ideal system

was determined to follow the relationship (A):
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(A) 1 — X 1-x

CMCpix CMCcy  CcMcy

where x is the mole fraction of surfactant 1 in the bulk.**** However, equation (A) was incorrect
when predicting the surface tension for surfactants exhibiting non-ideal mixing of non-ionic
headgroups in the monolayer at the air-water interface, e.g. n-octyl methyl sulphoxide and

tetraethoxy-n-decanol.®®

The first non-ideal mixing model was proposed by Rubingh, and applied regular solution theory.*®
Regular solution theory states that for bulk liquid mixtures the enthalpy of mixing depends on the

|46

mixture composition whilst the entropy of mixing is ideal.”® The deviations from the ideal conditions

in real systems are accounted for in the following equation (B):

1 x 1-x

(B)

CMCix - Ajcmceq  Ajycme,
where A; and A, are activity co-efficients.
Ay = expf[1 —y,]?

A, = expB[y1]*

Y, is the mole fraction of surfactant 1 in the micelle and B is an interaction parameter describing the
deviations from ideal behaviour. The activity co-efficient describes the effect of each surfactant
component in the micelle. Computational or experimental methods can be used to determine, by
iteration, the value of B from the mixed CMC of a binary surfactant mixture and the mole fraction of
the surfactant in the micelle.*# For attractive interactions, B is negative, and the CMC will be lower
than expected. On the contrary, for repulsive interactions, B is positive and the CMC will be higher
than expected. A large, negative B indicates a strong interaction and often leads to synergistic

effects. The difference between equations (A) and (B) is a measure of synergism.

A study into the relationship between the synergistic effects of surfactant mixtures and oil removal
from polyester fibres showed that certain ratios of a cationic-non-ionic surfactant mixtures were
more effective at removing oily and particulate soils from cotton fibres than either surfactant
individually.*® When a cationic surfactant is applied to an oily soiled fibre, the negatively charged
fibre surface is neutralized, increasing hydrophobicity, which decreases wetting of the fibre
inhibiting the removal of the s0il.*® In contrast, when a mixed system of non-ionic and cationic

surfactant is applied, there is enhanced adsorption of the non-ionic surfactant compared to a
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solution containing only non-ionic surfactant. This is due to cationic surfactant adsorbing to the
surface and neutralising the normally negative surface charge of the fibre (the charge on the surface
will depend on the material of the surface being cleaned). By forming a neutrally charged surface,
more non-ionic surfactant adsorbs, increasing the contact angle between the soil and the fibre,

facilitating the removal of the soil.*

The correlations between the physical properties of binary surfactant mixtures and properties
applicable to cleaning have also been studied.*® Models were used to predict synergistic
combinations of surfactants from the interaction parameter, B, for non-ionic/non-ionic, anionic/non-
ionic, and anionic/cationic surfactant mixtures.**° These combinations showed synergism in regards
to the following factors: CMC, surface tension, solubilising capacity, emulsifying ability, foaming

ability, wetting time and cleaning performance.*®

The research by Rubingh and Rosen, to quantitatively investigate surfactant synergism by regular
solution theory and non-ideal mixing, enabled the prediction of synergism, CMC and micelle
composition for a binary mixture of surfactants, if the composition of the surfactants in solution and
in the mixed micelle monolayer at the solution surface is known. 2244951 However, this is a
simplified model and it has been shown that the model falls short in its representation of the CMC
for some of the most commonly used surfactant mixtures.>>*®* Hines et al. were able to make
predictions of the CMC for a ternary mixture of surfactants from composition.>* However, this
method requires large data sets that are not easily obtained: surface composition from neutron
scattering experiments and interaction parameters derived from surface tension. Even though the
prediction of synergism was successful, it proved difficult to predict the ratio of surfactants that
would give the synergistic maxima of the properties listed previously. Hines concluded that no single
physical parameter could be correlated with all the application parameters, due to competitive
processes being involved and the complex cross terms in the thermodynamics of ternary mixtures.
To conclude, it is difficult to predict the useful properties of surfactant mixtures due to the inability
to obtain the parameters needed, the complexity of surfactant theory and the difficulties in

describing a multi-component system.
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1.3 Soils

In the context of cleaning and detergency, soils are a mixture of organic and inorganic matter. The
inorganic component could be particles of: minerals, clays, metal, silicas, metal hydroxides.>®> These
particles tend to have a surface charge, which is pH-dependent due to adsorption of protons or
hydroxyl ions. The organic components, e.g. oils, carbohydrates, or proteins, arise from living
organisms in the nearby environment of the soil. The structures of these organic macromolecules
tend to be ill-defined, due to degradation or rearrangement, and they can also have surface charge
which affects surfactant interactions, i.e. electrostatic attraction or repulsion. In both cases,

surfactant — soil interactions are determined by the soil components.

At this point, it is useful to consider the example of cleaning a dirty kitchen worktop, in which case,
the soil would contain remnants of foodstuff. The removal of a soil occurs in three stages. First, the
soil is separated from the substrate, the kitchen worktop in our example. There are three main
mechanisms to facilitate this: emulsification, rolling up and solubilisation, which can occur alone, or
in combination. Second, the soil needs to be dispersed into the solution applied to clean the surface,
i.e. a kitchen cleaning spray or washing up liquid. Depending on the soil and solvent type, the
dispersion could be achieved by emulsification of an oily soil within a surfactant micelle or
solubilisation of the soil. For example, a water-insoluble fatty deposit would require emulsifying
whereas a carbohydrate could be solubilised. Emulsification may require the introduction of a
physical force by the use of a scrubbing tool, e.g. a scourer sponge or cloth. Third, there must be a
system to prevent re-deposition of the soil, which can cause unattractive smearing of the soil. If the
soil is not completely removed, repeated soiling and cleaning leading to the gradual growth of a

residual soil that becomes increasingly difficult to remove.

1.4 Soil Removal

There are a number of possible mechanisms of soil removal due to the variety of soil types: water-
soluble, oily, soil particulate and mixtures of solids and liquid, as well as “soft” and “hard” varieties
in each type, e.g. cross-linked soils. The process can range from relatively simple, such as the
solubilisation of water-soluble soils, to being extremely complex, particularly for oily soils. Much of
the current literature on soil removal mechanisms include three processes that have been widely

accepted to occur: ‘roll-up’, emulsification and solubilisation.?*

19



1.4.1 Rolling up

Roll up describes the detachment of an oil droplet from a surface caused by an increase in the
contact angle between the soil and the substrate, 8, see figure 1.5.5° Roll up can be aided by
surfactants adsorbing at the soil-solution and surface-solution interfaces. When a liquid oily soil and
aqueous surfactant form an interface there is competition between the interfacial tensions of the
two media, leading to an oil displacement tension.>” If the aqueous surfactant solution is more
attracted to the surface of the substrate than that of the oily soil, the oily soil will be forced to

contract and form spherical particles.

A formula based on Young’s equation determines the conditions for oily soil roll up to occur.>® Roll

up occurs if the resultant force of the interfacial tensions, F, is positive:

F =Y¥Yso — Yws + YowC0s0

where ¥, is the water-surface interfacial tension, y;, is the surface-oil interfacial tension, y,,, is the

oil-water interfacial tension and 8 is the contact angle between the soil and the substrate.>%®°

[ ] A: Surfactant in aqueous solution
@ B: Oily soil particle

0 r: 0° 45° 90° 135° 180°

Figure 1.5: Schematic for the removal of a liquid oily soil by the rolling up process. 845 is the contact angle between the

soil and the surface. 8,5 and the ease of soil removal increases from left to right which is time dependent.

If F =0 when 6 = 180°, theoretically there can be spontaneous detachment of the soil as the aqueous
solution can displace the oily soil by forming a wedge under the oil. For roll-up to occur, F is positive
with an increase in contact angle for 0 to 180°. As cosf can be positive or negative, for F to be
positive ¥, — Yws is greater than y,,,. Therefore, spontaneous roll-up is encouraged by a low
interfacial tension between the oil and the solution and a low interfacial tension between the
surface and the solution, i.e. a hydrophilic surface. Upon the addition of surfactant, y,, is decreased

because the surfactant preferentially adsorbs at the oil-water interface. If, after the addition of
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surfactant, F reaches 0 before 0 reaches 180°, the oil droplet is partially detached and another

mechanism is required to remove residues, for example, the application of mechanical force.
1.4.2 Emulsification

Emulsification is the removal of a liquid soil into the washing solution by deformation in droplets
under shear.2® For a soil particle attached to a flat surface, detachment occurs at a critical shear

rate, A , described by:

i= Yowap(cosB,. — cosby)

na*

where a,, is the contact radius, 6, is the receding contact angle, 6, is the advancing contact angle, a
is the radius of the droplet, and 7 is the viscosity, assuming that the advancing and receding contact

angles are independent of the oil-water interfacial tension.>®%!

If only a small amount of surfactant is applied and the soil is strongly adhered to the surface, the oil-
water interfacial tension is high and therefore, the critical shear rate is higher. The addition of
surfactant decreases y,,, and increases the surface area and radius of the oil droplet, both of which

cause a decrease in critical shear rate.
1.4.3 Solubilisation

Solubilisation in surfactant solution has been suggested to occur alone and as a method to stabilise
soil removed by other mechanisms, e.g. roll-up, and predominantly occurs when the surfactant
concentration is large relative to the oil and above the CMC.52 During solubilisation, the soil is
sequestered into the core of surfactant micelles present in the cleaning solution, figure 1.6. In the
first step, surfactant adsorbs on a substrate, in the form of hemimicelles. The hemimicelles orientate
around the oil before desorbing from the surface. Swollen micelles are reformed in the bulk solution
with oil in the core, with the potential to break breaking down into smaller aggregates that are more

thermodynamically stable.®
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Figure 1.6: Schematic for the solubilisation mechanism of removal of an oil (dark brown) from a surface (beige) in the

presence of surfactant (red).5*

1.4.4 Advances in understanding the soil removal mechanism

There have been multiple studies investigating the mechanism of removal for multiple soil types and
most involve both surfactant activity and mechanical action.®4%¢ |n 1980, Shaewitz investigated the
effect of fluid flow on the mechanism of solubilisation by using radiolabelled fatty acids applied to a
rotating disk immersed in a cleaning solution.®® The rate of rotation of the disk was increased to
increase the flow rate and the amount of solubilisation of palmitic acid in a 4 w/w% SDS solution was

measured from the concentration of fatty acid in the cleaning bath with time.

The solubilisation of fatty acid in a surfactant solution was found to take 5 steps: 1) the surfactant
aggregates diffuse to the soil surface, 2) the surfactant aggregates adsorb onto the solid surface, 3)
the surfactant molecules mix with the adsorbed aggregate, 4) the aggregates containing both
substrate and surfactant desorb and 5) the mixed aggregates diffuse away from the surface and into
the bulk surfactant solution. From calculation of the rate constants for each step, the rate controlling

steps were micelle desorption and diffusion (steps 4 and 5 as discussed above).

In an extensive review by Miller and Raney, the solubilisation-emulsification mechanisms involved in
removing soil from fabric surfaces was shown to be faster and more complete than solubilisation
into a micellar solution. The increased solubilisation was contributed to the solubilisation of the soil
into an intermediate phase, i.e. a liquid crystal.? In contrast, it was found that to detach the soil in
one unit, significant wetting of the cleaning solution over the soil/solid surface is required, in
addition to, a wicking-type movement using capillary forces, both of which depend on the interfacial

tension and a density difference between the soil and the surface.3%¢’
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An in-depth study by Cox showcased three classes of soil removal methods: chemical (soil solvation
and saponification), mechanical (abrasion) and detergency (surfactants).® The importance of
mechanical action was highlighted in a two-step mechanism. First, the surfactant and water
penetrated the soil to soften and loosen it in a process called liquefaction. Second, the soil is
removed from the surface by emulsification through agitation or mechanical abrasion. In addition, it
was shown that if the product is used with mechanical action, the surfactants in the product should
soften the soil and maximise penetration. Contrastingly, if the soil removal process is static, the
surfactants should self-emulsify the soil, by creation of a microemulsion, and therefore, the HLB of
the surfactant should be matched to the soil. Alternatively, to maximise both soil penetration and

emulsification, blends of surfactants should be used.

Another similar study to Shaewitz into the kinetics of soil removal by analysing the loss of
radiolabelled fatty acid films from rotating disks, identified a three step mechanism.®® In the first
step, fatty acid was solubilised into micellular aggregates. Next, part of the film was removed via
shear. The third step was the previously described roll up. The surfactant structure was found to
influence the cleaning mechanism; for surfactants effective at solubilization, the shear-driven
emulsification process was shown not to occur. In addition, it was found that at concentrations
above the CMC, more hydrophilic surfactants were more efficient due to their ability to partition

into the film, encouraging liquefaction.

The mechanism of the removal of semi-solid oily soils has been studied, with the added difficulty
arising from the possibility of liquid oil being trapped inside the crystalline solid fats. The removal of
oily soils can follow a mechanism of incomplete roll-up where only part of the oil is detached from
the surface and emulsified.®®7° However, for solid soils, roll-up may not occur. The surfactant needs
to wet the soiled surface, followed by penetration to aid soil loosening and solubilisation-

emulsification.>”*

In summary, soil removal is a complex process which varies significantly depending on soil type,
shear applied, surfactant type and concentration, in addition to the type of surface (fabric vs hard
surfaces, surface charge, hydrophobicity etc.). Therefore, to formulate an effective cleaning solution,
both an understanding of the detergency mechanism and the synergistic behaviour of surfactant

mixtures is important.
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1.5 Formulation Optimisation

Optimisation is the improvement in the performance of a product, system or process to achieve the
maximum possible advantage.’”? The simplest type of optimisation (above trial-and-error) is a one-
factor-at-a-time (OFAT) experiment where one variable is changed in each set of experiments.”® This
method remains widely used in cases where there are multiple factors, despite having a number of
disadvantages. OFAT does not account for interactive effects between variables and does not
describe the complete effect of each parameter in the final outcome.”® In addition, a high number of
experiments are required to examine all possible factors which can be wasteful of time and
resources. To obtain the maximum amount of information from fewer experiments, an alternative
method is to statistical design of experiments (DOE). In these, more than one variable is changed at

a time so that the interactions between the variables can be calculated.

One of the most relevant multivariate statistical techniques for detergent formulation is Response
Surface Methodologies (RSM). These are a collection of techniques based on fitting empirical models
to experimental data.’”* Describing the trends in the data enables predictions of the values of each
variable in the optimum situation, therefore, by using a sequence of experiments, multiple variables
can be optimised simultaneously. Initially, an experimental design matrix must be chosen to
efficiently select the experiments to be carried out within the boundary conditions set for each
variable. If the data set is linear, first order models such as factorial designs can be used. For data
that cannot be described by a linear function, quadratic response surfaces are used, and
experimental designs are selected accordingly. The two most commonly used experimental design

techniques in detergent optimisation are a full 3-level factorial design’® or a Box-Behnken.”®

A full three-level factorial design involves each variable being measured at three levels. The number
of experiments is therefore 3* where k is the number of variables. As the number of experiments
dramatically increases with the number of factors it is generally only used in the optimisation of two

factors.

A Box-Behnken design utilises the three-level factorial design, however, a lower number of points
are selected to more efficiently and economically obtain information about the relationship
between multiple variables. The points selected are those on a hypersphere equidistant from the
centre of the design space, with all variables measured at three equally spaced intervals. In this case,

the number of experiments is 2k(k-1)+ C, where C; is the number of central points. In comparison,
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for optimisation of three variables, a full three factorial design requires 27 experiments whereas a

Box-Behnken design requires 13.

Response surface methodologies have previously been used in the computer-aided design of
disinfectant formulations. In 2010, a group based in Waterloo applied statistical methods to aid
formulation design.””’® Historical data regarding a disinfectant formulation was augmented with
new data, selected by a fractional factorial design (where only a necessary fraction of the
experiments required for a full factorial design are selected), to improve the predictive capabilities
of the final analysis. An empirical model was fitted, defining antimicrobial activity in terms of the
formulation ingredients and pH, using multiple linear regression. An optimal formulation was
predicted using an optimisation method called Levenberg- Marquardt and was shown to meet all the
required performance criteria. The major success of this work was that no further fine-tuning
experiments were required after the optimisation. In 2012, the methodology was extended to
design a disinfectant formulation with a higher number of constraints.” The optimal formulation
was compared to a successful product developed by ‘trial-and-error methodology’ and found to be:
cheaper (nearly a quarter of the price), less toxic, less corrosive and more stable. This further
reiterates the benefits of computer-aided design in formulation optimisation; prior data can be
taken into account leading to a reduced number of experiments relative to trial and error

methodology.

1.5.1 Optimisation using adaptive design

Difficulties arise in optimising a formulation using design of experiment methodologies when
considering multiple variables due to the increased experimental costs as complexity increases.
Current formulation development involves the combination of: design of experiment approaches,
intuition held by formulators, and some guiding principles. Computational methods could be used to
make predictions about the properties of the final formulations however these sometimes rely on
detailed knowledge of the system of study from complex characterisation methods, e.g. neutron
reflection and isotopic substitution.>>>*%% |n materials discovery, similar problems have been treated
as black-box functions, where the relationship between the variables and output is unknown. A
Bayesian optimisation is a machine learning based, experimental design algorithm for optimisation

of black-box functions.

Machine learning is the use of computer algorithms to make predictions using data and a model. By

finding and classifying the regularities in the data these machine learning methods can learn from
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the data to infer plausible models, and subsequently make predictions about unobserved data. The
benefits to using machine learning include the ability to handle a large number of parameters, large
data sets and fast predictive analytics on timescales much faster than humans could ever achieve,

through both thought and action.

Bayesian optimisation is a rapid method to globally optimise parameters with regard to a number of
multiple inputs by designing sequential experiments.”?>®! For example, if the aim is to maximise an
output variable from a number of input variables, first you would collect a number of data points, n.
To select the next measurement to be taken, a Bayesian regression function describing the
relationship between the input and output variables is learnt from the n data points. The best
candidate is chosen by balancing the goal of searching for mixtures with the highest values of the
output variable (exploitation) with testing the design space where least experiments have been
performed and therefore the uncertainty is greater (exploration). The data collected is added to the
n data points previously recorded and the process is repeated to find the maximum in the output
variable. The optimum is achieved in a minimum number of experiments which is preferable in cases

where collecting data is expensive.

In Bayesian Optimisation, the black-box function is modelled by a stochastic Gaussian Process (GPs)
which are a powerful technique for modelling and predicting numerical data. Although they are
mathematically complex, the motivation behind their use is their quick computation, since they
consist of entirely linear algebra.®? In addition, GPs are flexible meaning they can be used to model
many different patterns, and few assumptions have to be made about the model initially. The GP
mimics an experimenter; a mathematical model is built from experimental data acquired previously
and then an “educated guess” is used to recommend the next experiment to perform. This process is
repeated with each new piece of data collected; therefore the ‘guess’ becomes increasingly more
accurate whilst the uncertainty about the “guess” decreases. Bayesian optimisation uses efficient
global optimisation algorithms which give importance to areas close to the current minimum (in
addition to exploring additional unexplored phase space) whereas the alternative, a grid search,
gives equal importance to all points. Bayesian optimisation is an iterative experimental approach
with data-driven models. The Bayesian method of experimental design has previously been adopted
in the field of chemistry for the optimisation of materials, in a number of applications. Table 1.1
summarises the recent literature. As yet, there have been no studies of optimisation of surfactant

mixtures.

26



Table 1.1:

The of Bayesian Optimisation material science literature 2015-2018

P t
Date arar‘ne. er(s) Input Parameters Objective of Study Reference
Optimised
Identify
Lattice thermal . thermoelectric
. Chemical structure and . N 83
2015 conductivity o materials with high [*°]
. composition .
(minimum) conversion
efficiency.
Maximizing the Orbital radii of M (metal), A
elastic moduli in (atomic element in separating | Selection of M,AX
nanolaminate, layer, and X (carbide or compound with ”
2016 . : . [*4
ternary alloys: bulk, nitride)-atoms optimal elastic
shear or Young’s properties
modulus
Waber—-Cromer
dopotential radii, Pauli
pseudopoten I.a ‘ra ' au.mg Discovery of very low
electronegativity, metallic .
. . thermal hysteresis
2016 | Thermal hysteresis radius, valence electron NiTi-based shape
number (VEN), Clementi’s emorv allo 2 %]
atomic radii and Pettifor y atioy
chemical scale
. Find the optimal
Process parameters: position, .
. - conditions for short
Length, width and constriction angle, channel . 86
2017 . . . polymer fibres [*°]
quality of fibres width, polymer flow and L
synthesis using a
solvent flow . .
microfluidic process
Function d ibing th
Total energy of uhction describing the Identify the most 37
. crystal structure from [°7]
2018 candidate crystal . . . stable crystal
interatomic distances and unit
structure structure
cell volume
5018 Doping ratio of Mn?* ion in Dlevelo”pmetnt Ofl (]
Solar cell efficiency CMZTSSe >ofar celima er.|a >
for photovoltaics

27




1.6 Aims

Although much research has studied fabric cleaning formulations, there is relatively little literature
in the area of hard surface cleaning. Machine learning has been used previously in the prediction of
material properties from their composition, however no previous studies have applied machine
learning in optimising hard surface cleaning formulations. One of the drawbacks to optimisation is
that results are only useful to the system to which it is applied to because of the black-box nature.
Therefore, to understand why the optimum mixture is selected by the machine learning algorithm

further study is required to gain an insight into the mechanism.

Hence, there are two primary aims of this study:

1. To apply a machine learning methodology to optimise hard surface cleaning formulations.
2. To gain an understanding of the mechanism that underpins the surfactant-aided removal of

an oily soil from a hard surface.

Figure 1.7 shows how the optimisation and characterisation sections of this project are linked and

summarises the main topics. The topics covered in this thesis are:

e Initial characterisation of the surfactants commonly used in cleaning formulations,
because they were commercial grade, so a greater understanding of the characteristics
and composition of the mixture was required to aid later formulation (Chapter 3).

e The use of a machine learning technique to optimise surface tension: a parameter
important to both the cleaning process and characterisation of surfactants (Chapter 4).

e The application of this machine learning technique to a cleaning test, developed for use
in this thesis, to determine the optimal cleaning formulation from a surfactant mixture
(Chapter 5).

e Aninvestigation into how soil removal occurs, to understand why the “optimal

solutions” are successful at soil removal (Chapter 6).
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Figure 1.7: Schematic representation of the organisation of this thesis, highlighting the areas focusing on

characterisation (pink) and optimisation (green). Black lines indicated the related sections. The colour of the boxes

indicate their chapter locations.
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2. Materials and methods

2.1 Surfactants

The commercial surfactants used in this project were: lauramine oxide (LO) (Stepan),
Cocamidopropyl betaine (CB) (Solvay), Benzalkonium Chloride (BC) (Thor), Decyl Glucoside
(DG) (KemCare), and a linear alcohol ethoxylate (AE) (Kao Chemicals), in addition laboratory

reagent grade Sodium dodecyl sulphate (SDS)(Sigma-Aldrich) was used.
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Figure 2.1: Structures of the commercial surfactants used in the project. m is the number of glucoside units and

n is the number of CH; groups in the alkyl chain.
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The general molecular structure of each surfactant can be seen in figure 2.1. The tradename,
active content (the weight percent concentration of each surfactant in aqueous solution)
and pH (at the concentration supplied), as reported by the suppliers, are summarised in

table 2.1.

Table 2.1: The active content and pH of the surfactants as supplied

Generic Name Tradename Active Content / % pH
Lauramine Oxide Ammonyx LO 29-31 7-8.5
Alkyldimethyl Acticide BAC50M 49-51 6-9
benzalkonium Chloride
Decyl Glucoside Kemgluco CEHL 50 11-12.5
Cocamidopropyl Betaine CAB 818 28-32 4.5-5.5
Alcohol Ethoxylate Rhodasurf B70 100 6-8

2.2 Analytical Techniques

2.2.1 Solids Content

The concentration of the surfactants was determined thermo-gravimetrically using an Ohaus
MB45 halogen moisture analyser. The instrument consists of a balance unit, which measures
the mass of the sample, and a halogen lamp, to heat the sample. The initial weight of the
sample is measured (0.5-1.0 g). A halogen dryer heats the sample rapidly to evaporate
moisture. Once the sample no longer changes in mass, the sample is considered dry, and the

change in mass is measured (within the instrument) to determine water content.

] Final mass of sample (g)
Surfactant Concentration (%) =

X 100 (9
Initial mass of sample (g) (%)

2.2.2 Mass Spectrometry

Mass spectrometry separates molecules of a sample based on their mass-to-charge ratio,
which can be used to determine their molecular weight. The sample is ionised to form
charged molecules or fragments; commonly used methods include electron ionisation (El)
and electrospray (ESI) ionisation (both are used in this project). In El, the sample enters the
ion source in the gas phase and is bombarded with electrons. This results in positively
charged ions which travel to the ioniser and are filtered by mass-to-charge ratio, the
detector counts the number of ions with each mass to generate the resulting spectrum. El is
used for small, neutral, organic molecules which are volatile whereas ESl is suitable for large

molecules, e.g. polymers and biomolecules, which are ionised with no dissociation.? In
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addition, any polar solvent can be used, e.g. water. In ESI, a solution of the sample is sprayed
through an ESI capillary, a highly charged needle.! The resulting charged droplets contain
solvated positive and negative ions. The solvent is evaporated using heat or gas flow and the

individual gas phase ions are guided towards a mass analyser.

Tandem mass spectrometry techniques were performed by the Chemistry Mass
Spectrometry Facility at the University of Sheffield to calculate the molecular weight and
chain length distribution of the surfactants, in the form obtained from the industrial
supplier. A Perkin ElImer Turbomass instrument was used for the GC-MS of LO and AE. An
Agilent 6530 Accurate-Mass Quadrupole Time-of-Flight LC-MS system was used to
characterize CAB, BC and DG. The spectra obtained were analysed by considering the
sequential loss of ion fragments, using average atomic weight for C (12.0 amu), H (1.0 amu),

0 (15.99 amu), N (14.0 amu) and Na (22.99 amu) and Cl (35.45 amu).

2.2.3 Surface Tensiometry

TForce

2R
L —

) T Ai
A \ir

Liquid

Figure 2.2 The application of a De N6uy Ring to the surface of a solution. R is the radius of the ring.
Surface tension can be measured using a surface tensiometer. The tensiometer is comprised
of a sensitive microbalance, a platform to move the sample up and down with precise
control and a device with precisely known dimensions that comes into contact with the
liquid to be measured. The De Nouy Ring method measures the force required to pull a free-
hanging platinum-iridium ring through the surface of a solution.? The calculation of surface
tension is dependent on the maximum pull on the ring as it is raised out of the liquid and

into the air, Fmax, and the major radius of the ring to the centre of the wire, R:*

Fmax - P;*

V= "R
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Where y is the surface tension and F; is the ring correction factor which is required because
the weight of the liquid film immediately beneath the ring is raised when the ring pulls

upward.

2.2.3.1 Sample Preparation

Aqueous surfactant solutions were made up using deionised water and the appropriate
amount of surfactant, accounted for by the determination of solids content, from stock
solutions of 0.1, 0.5 or 1 w/w% dependent on the experiment. For solutions requiring pH
adjustment, either sodium hydroxide (0.1 M) or hydrochloric acid (0.1 M) was used.
Surfactant solutions were kept at room temperature (20 + 1 °C) for at least one hour before

performing the surface tension measurements.
2.2.3.2 Measurement

Surface tension measurements were performed using a LAUDA TD3 tensiometer with a Du
Nouy ring attachment. Before each measurement, the ring was cleaned. First, the ring was
immersed in ethanol before being subjected to a high-temperature flame, to remove any
adsorbed material from previous samples. The cleaning and flaming processes were
repeated with deionised water. Before each batch of measurements, the instrument was
calibrated, and subsequently the cleanliness was checked by measuring the surface tension
of distilled water (72 mN m™). All measurements were performed at room temperature (20
+ 1 °C). For each measurement, the analysis was automated so that five or more repeats

were made until a standard deviation of less than 0.1 mN m~ was obtained.
2.2.4 Differential Scanning Calorimetry (DSC)

DSC is a technique that is commonly used to determine the properties of a material in
response to temperature. As a method of thermal analysis that measures the temperature
and heat flow associated with phase transitions, it can be used to determine properties such

as the melting and crystallisation temperatures and oxidative stability.>®

The DSC instrument used was a heat flux DSC which measures the heat flow to a pan
containing a sample and reference, typically, an empty pan, that is needed to maintain the

same temperature as they are heated and cooled.” If the sample undergoes an endothermic
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transition, such as the melting of a solid to a liquid, more heat will be required to maintain
the temperature of the sample. Conversely, if there is an exothermic transition which
generated energy, i.e. crystallisation, then less heat will be required to maintain the

temperature.

Sample Platform

Reference Platform Chromel Area Deteclor

Thin Wall Tube

Constantan Body

Base Surface

\ Chromel Wire

Constantan Wire

Chromel Wire

Figure 2.3: Heat flux DSC sensor assembly, diagram reproduced from “New heat flux DSC measurement

technique” by Robert Danley’

Figure 2.3 shows a schematic of the sensor assembly in a DSC instrument.” The sensor and
reference calorimeters are separate so that the heat flow in one does not affect the other.
The chromel area detector and wire acts as a thermocouple to measure the temperature

difference between the sample and the reference. The constantan wire and body transfer

heat to and from the sample and reference platforms.

2.2.4.1 Measurement

Heating and cooling curves of the oil, fats and their mixtures were made using a TA
Instruments DSC-25. Samples of approximately 18 mg were weighed into Tzero aluminium
hermetic pans with lids. The instrument was calibrated for heat flow and temperature using
both indium and zinc standards. An empty pan was used to perform a baseline calibration.
All experiments were purged with N,. A heating/cooling rate of 10 °C/min was used. The
samples were initially heated from 20 °C to 70 °C, held at 70 °C for 5 min, cooled to -40 °C,
held at -40 °C for 5 min, heated to 70 °C, held at 70 °C for 5 min and finally cooled back to -
40 °C.
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2.2.5 Scattering Techniques

2.2.5.1 Dynamic Light Scattering (DLS) Introduction

Dynamic light scattering can be used to characterise the size of colloidal particles in the
range from nanometers to microns.® The technique uses a laser beam to illuminate the
dispersed particles which scatter the laser light, figure 2.4. Brownian motion is the random
movement of particle in a fluid due to collisions with solvent molecules and causes smaller
particles to travel faster than larger ones. Hence, the distances between particles changes
constantly with time causing the intensity of the scattered light to fluctuate. By analysing the
changes in the fluctuations in intensity of the scattered light, the translational diffusion co-
efficient can be obtained, which can be related to the hydrodynamic radius of a particle

using the Stokes-Einstein equation:

kT
3nnD

d(H) =

where d(H) is the hydrodynamic diameter, k is the Boltzmann constant, T is the

temperature, n is the viscosity of the sample and D is the translational diffusion co-efficient.®

Intensity Trace
Detection of

scattered light
—

recorded

m@
G
Intensit
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T Time
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Figure 2.4: The size of the particles in a dispersion can be determined using a DLS instrument. Light scattered
from a dispersion of particles, fluctuates due to the movement of particles caused by Brownian motion. The
recorded fluctuations in the intensity trace are converted to a correlation function by an autocorrelator. The

Stokes-Einstein equation is used to obtain a size distribution of the hydrodynamic diameters of the particles.
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DLS measures the hydrodynamic diameter, which describes the effective size of a particle
moving through a fluid.?® The hydrodynamic diameter is dependent on: the particle’s size

and surface structure, the concentration of the solution and the type of ions in the medium.

The intensity of scattering at a given scattering angle depends on the positions of the
particles at a given time. However, as the particles are in motion due to diffusion from
Brownian motion, the scattered intensity fluctuates, as shown schematically in the intensity
trace in figure 2.4. The fluctuations are analysed by a digital signal processing device called
an autocorrelator, which produces a scattered intensity correlation function, which
exponentially decays with time, 7, for a solution of monodisperse, spherical particles.!! From
the autocorrelation function, the exponential decay constant, I, can be derived which is

related to the translational diffusion co-efficient, D:
I = Dq?
Where q is the scattering vector:

4mn 0
q= ——sin(;)
Where n is the refractive index of the dispersing medium, A is the wavelength of the laser
and @ is the scattering angle (the angle between the direction of the light entering the
sample and the position of the detector). From the translational diffusion co-efficient, D, the
hydrodynamic diameter can be calculated using the Stokes-Einstein equation, stated

previously.

To account for sample polydispersity, a cumulants analysis can be used which fits a single
exponential to the correlation function to obtain the intensity weighted z-average diameter.

The z-average diameter, D,, is the intensity weighted harmonic mean size:

S.
D, = —E ‘
l
2 ( /Di)
where S; is the scattered intensity from the particle i and D; is the diameter of particlei. The

width of the distribution is estimated to obtain the polydispersity distribution.

One limitation of using DLS to measure the size of particles that are not monodisperse arises
from the use of the intensity average. If there is a mixture of particles, the diameter

reported is a biased towards the larger particles because they scatter more light. The
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intensity of scattered light is proportional to particle diameter raised to the power six.

Therefore, DLS is sensitive to dust particles and cleanliness is important.°

2.2.5.2 DLS Measurement

A Zetasizer Nano S (Malvern Instruments, UK) was used to measure the apparent
hydrodynamic diameter from the Stokes—Einstein relationship. The light source was a He-Ne
laser that operated at a wavelength of 533 nm at a fixed scattering angle of 173°. Each
measurement was pre-set to 10 runs each of 10 seconds acquisition time at 25 °C. An
average was taken from 3 measurements. The polydispersity index (PDI), z-average

hydrodynamic diameter and its standard deviation, of each sample were calculated.

2.2.5.3 Small Angle X-ray Scattering (SAXS) Introduction

SAXS is used to determine the average size and structure of particles in the range of 1 to 100
nm.1271% SAXS can be used to study solid or liquid matrices containing solid liquids or gases
including the shape and size of surfactants in aqueous solution.'>8 The applications of SAXS
are broad, including study of: the ordering of liquid crystals used in displays, mesoporous
materials for catalysis, nanostructure of biological materials and self-assembly in cosmetics,
food and pharmaceutical products.’®2* The advantages of analysis using SAXS include its

accuracy, the minimal sample preparation required, and that the sample is not destroyed.

SAXS can measure the size of particles in the nanometre range due to the short wavelengths
of x-rays, which are high energy, electromagnetic waves with a wavelength of 0.1 to 10 nm.
Most x-rays directed at a material pass through, though some are absorbed or scattered.
The elastic scattering of these x-rays is recorded at small scattering angles (0.1 - 10°). The x-
ray beam is sensitive to differences in electron density, which causes a change in the
intensity of the scattered light, which can be used to obtain information about the average
particle structure.?® The greater the difference in electron density, the greater the scattering

intensity.

Figure 2.6 shows a schematic of the components in a SAXS instrument. Most experiments
are performed in transmission mode, where X-rays are directed at a sample of particles and
the scattering from the atoms in the sample is detected on the opposing side. In the x-ray
source, a microfocus tube produces a beam of electrons which strike a liquid metal-jet
generating an x-ray beam. The x-rays are emitted accompanying the electrons in the metal

atoms to dropping down from higher energy levels to fill vacancies formed by ejection of
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elections from the inner shells of the metal due to the high-speed electrons in the beam. As
the angles between the incident and the scattered beam are very small, the divergence of
the incoming beam must be minimised. The beam is narrowed by passing it through using
slits or pinholes. The sample holder can vary depending on the sample type run and whether
there is a need to study the behaviour of the sample under a changing environment such as
temperature or flow. For a static study, a liquid sample can be placed in a thin-walled

capillary.

X-ray Collimation Sample
Source System Holder

N —
0

incident beam

Detector

SCOtt

Beam Stop

Figure 2.5: The components of a SAXS instrument

Once the beam hits the sample, some will be scattered and collected by the detector. As the
unscattered beam is still intense, it can be problematic if it hits the detector as either the
strong backscatter from the detector can hide the weak scattered signal or the detector
itself could be damaged. Therefore, a lead or tungsten beamstop can be used to block the
direct beam. Detectors count the number of particles hitting an area over time to generate a
2D interference pattern showing the variation in intensity of the absorbed radiation, due to

the constructive and destructive interference.

A two-dimensional scattering pattern is recorded in the plane of detection. This is converted
into a one-dimensional scattering pattern by taking the circular average which also improves
the statistical quality of the data. At this point, the scattering of the matrix (e.g. a solvent in
an aqueous surfactant solution) needs to be taken into consideration. The 1D pattern from
the solvent capillary and the sample is subtracted from the pattern of the solvent, sample
and capillary, to obtain the particles alone. This requires the transmittance of the solvent
and particles to be the same because if the particles absorb more than the solvent, the
scattering of the particles will be reduced. To take the fact that, in most cases, the

transmittance of the solvent and particles differs, the 1D scattering patterns are normalised
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using a scaling factor. Normalised, background subtracted, scattering patterns can be

analysed to gain information about the shape, size and distribution of the particles.

The scattering vector, q, which is inversely proportional to the characteristic length scale,
can be calculated from the scattering angle, 26, and the wavelength of the incident

radiation, A:

_Am p
q= h sin(0)
2.2.5.4 SAXS Measurement

SAXS experiments were conducted using a laboratory SAXS instrument (Xeuss 2.0, Xenocs,
France), with a liquid gallium X-ray source (Metallet, Excillium, Sweden) at a wavelength of
0.134 nm, with motorized scatterless slits for beam collimation and a Dectris Pilatus 1M
pixel detector with a sample-to-detector distance of 0.55 m. Patterns were recorded over
the scattering vector (q) range of 0.013 to 1.426 A!, where q = 4nsin® and 8 is half the

scattering angle. Samples were pipetted in to a 1.7 nm glass capillary.

To obtain SAXS of surfactant solutions, all SAXS patterns were corrected for background
scattering by initially measuring the scattering of a capillary containing deionised water.
Intensity calibrations were obtained by using the SAXS patterns of the empty and water
filled capillaries. The excess scattering associated with the surfactant micelles was extracted
from the SAXS data by subtraction of the SAXS pattern of a capillary containing water. Data
was reduced using the Foxtrot software package and further analysed using SasView

software.?®
2.2.5.5 SAXS Models
The scattering intensity, |, as a function of g, the scattering wave vector, is:

1(q) =cP(q) S(q,c)

where c is the concentration of the particles in the matrix, P(g) is the form factor based on
the orientationally average scattering profile of one particle and S(g,c) is the structure factor
which expresses the interactions of the particles in solution.?” At low g, the structure factor
affects 1(g) more strongly. The scattering intensity of the form factor alone can be found by

using a low concentration of the particles so S(g) tends to 1.
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Where there are 2 regions of differing electron density (spheres of uniform electron density
suspended in a different phase) such as in the case of benzalkonium chloride surfactant

micelles, the form factor of the scattering vector is:

j1(@R) 12
qR

sin(qR) — qRcos(qR) 2
(qR)®

P(Q) =13 Vsph(p - ps) = [3 Vsph(p - ps)

Where R is the radius of the sphere, pand p; are the electron densities of the sphere and

4 7R3
3

the solvent, Vs is the volume of the spherei.e. and j; is the first order spherical Bessel

. sin(x cos (x
function # — 0o () e
x x

Where there are 3 regions of differing electron density, a core surrounded by a shell
immersed in a solvent, a core-shell sphere (figure 2.6 a)), such as in the case of decyl

glucoside surfactant micelles, the form factor is:

P(q) _ 1 3 Vc(pc - ps)jl(ch) + 3 Vc(pc - psolv)jl(qu) 2
|4 qR. qRs

where R.is the radius of the core, Rsis the shell thickness and p., ps and psoare the electron

densities of the core, shell and solvent respectively.

psolv
a) Psolv b) Ps
P
R, Re
< L »
- L+ 2R, g

Figure 2.6: Defining the dimensions in the SAXS models for: a) a core-shell sphere and b) a core-shell cylinder

A number of surfactants have been shown to form long, worm-like micelles.?3° The form

factor fo these cylindrical particles with a core-shell structure is given by:

1
P(q) = sz(q)

Where:

Ve = (R, + R)? - (L + 2t)
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V. is the volume of the core, 1} is the volume of the shell, a is the angle between the major
axis and the g vector and L is the length of the core. The total length of the outer shell is

expressed as L + 2Rs;and the outer radius of the shell is R. + R..

For some of the micelles studied, such as SDS, by consideration of the shape of the 1D
scattering pattern, it was identified that they formed an ellipsoid shape in agueous solution
with a shell containing hydrophilic head groups, surrounding the hydrophobic tails in the
core. As the hydrophilic head groups are the same size, it was assumed the shell would be
equal round the circumference of the ellipsoid and so the shell thickness was fixed. The

ellipsoid core-shell form factor can be expressed as:
1t 2
P@ = [ 1F@ Rin Rnaj ) da
0

|F(Qvain,Rmaj,a)| =VAp- (3]1(u)/u)

1
u= Q[Rmajza2 + Rminz(1 - aZ)]z

where Rmin and Rmqj are the minor and major radii of the ellipse, respectively, a is the angle

between the major axis and the g vector and V is the volume of the ellipse calculated from

4TR% . Rinai
V= W 3132 The contrast, Ap, is the scattering length density difference between

the scattering object (e.g. a surfactant micelle) and the solvent.
2.2.6 Quartz Crystal Microbalance and Dissipation (QCM-D)

2.2.6.1 Principles

A quartz crystal microbalance (QCM) measures frequency and dissipation of a quartz crystal
sandwiched between two electrodes.®®* When a voltage is applied, the sensor electrodes
change shape, depending on the direction of the voltage and the cut of the crystal because
of the piezoelectric property of the quartz crystal. If an alternating voltage is applied to a

crystal, at a frequency close to its resonant frequency, the crystal oscillates, figure 2.7.
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Top electrode

Bottom electrode

Figure 2.7: Piezoelectricity is the basis for QCM-D, taken from blog.biolinscientific.com. The QCM-D sensor as
viewed from a) the side and b) the top. c) The deformation of the disk on the application of a voltage is
dependent on the direction of the applied voltage and the cut of the crystal. d) The quartz crystal oscillates on

the application of an alternating voltage.

QCMs work because frequency change in the oscillations of the crystal can be related to the
mass adsorbed on the surface. When nothing is adsorbed to the surface of the sensor, the
crystal oscillates at its resonant frequency. Lowering of the resonant frequency to maintain a
constant driving force, is observed as material is adsorbed and conversely, an increase in
oscillation frequency indicates mass loss. By measuring this change in frequency, Af, the
mass adsorbed per unit surface, Am, can be determined by the Sauerbrey equation:

—CA
Am = /

n

where Cis the mass sensitivity constant, 17.7 ng cm 2 Hz ! for 5 MHz AT-cut quartz, which
describes the sensitivity of a device to changes in mass.®* The assumptions of this model are
the mass adsorbed is small relative to the mass of the crystal and the mass adsorbed is rigid
and evenly distributed in a thin layer over the surface. If the applied film is thin and rigid, the
decay rate of the oscillation will be low, and the harmonic overtones will overlap. In cases
where the film is not rigid, the decay rate of the oscillation is much higher due to dissipation
of energy in the adsorbed layer and the higher overtones will not overlap with the resonant
frequency. Therefore, the decay rate is related to the viscoelastic properties of materials. In
this case, models such as the Voinova-Voigt can be used to relate the frequency and
dissipation shifts to parameters of the adsorbed layer such as: thickness, density, viscosity

and elasticity.3>3¢
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2.2.6.2 Measurement

To investigate the mechanism of the removal of the TAG soil, adapted for use in the film

removal test,’

by surfactant solutions, a method to coat SiO, coated quartz sensors (Biolin
Scientific) was developed. Before each use, the sensors were placed in a Bioforce UV/ozone
cleaner for 30 minutes to remove any organic contaminants. Subsequently, sensors were
submerged in a 1% alconox detergent (Sigma-Aldrich), and then placed in a sonic bath for 10
minutes, then washed with deionised water, and the sonication process repeated in
deionised water. The adapted TAG (triacyl glyceride) mixture was prepared by mixing linseed
oil (8.33 w/w%), vegetable oil (25 w/w%), lard (Sainsburys own brand, 33.3 w/w%) and
Vegetable shortening (Crisco, 33.3%) at 50 °C. Once molten, the mixture was pipetted onto a
glass slide before baking in an oven at 200 °C for 60 minutes. The baked TAG was removed
from the slide and dissolved in toluene (5 w/w%) by stirring at room temperature. Pre-
cleaned SiO, coated sensors were coated with TAG by spin coating the TAG solution (20 pL)
at a rate of 500 rpm for 9 seconds followed by 40 seconds at 2000 rpm using an Ossila spin

coater to form level films of ~ 1 um. Coated sensors were subsequently baked in an oven for

1 hour at 50 °C to remove any residual solvent.

QCM measurements were performed on a Q-SENSE E4 system, comprising of 4 flow cells,
comprising of 4 flow cell, each holding one sensor such that measurements were obtained
from four separate sensors simultaneously. Initially, the sensors were equilibrated in air
overnight. Deionised water was initially flowed over the coated chips until a stable baseline
was obtained. Next, surfactant (or mixture of surfactants) solutions of interest (one per
channel) were flowed through the QCM. The frequency was monitored until a plateau was
reached indicating the end of the soil removal process or over a reasonable time scale. All

solutions were passed through the QCM at a rate of 0.1 mL min™? using an Ismatec peristaltic

pump.
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2.2.7 Microscopy

2.2.7.1 Confocal Microscopy

Confocal microscopy has been widely used to visualise colloidal systems.3® Its rise in
popularity arose from its increase in resolution and contrast compared to widefield
fluorescence microscopes and the ability to image a slice of a sample at a selected depth
enabling the construction of 3D images from collecting multiple slices.® In conventional
fluorescence microscopy, the whole sample is illuminated so the image detected contains
both in-focus (from in the focal plane) and out-of-focus (from other focal planes) light. In
confocal microscopy, the noise is reduced by only illuminating one point in the sample at a
time and using a pinhole in front of the detector to block out any out-of-focus fluorescence.
As only one point in the sample is excited at a time, light from a laser is raster scanned
across a sample using directing mirrors. Different materials within a sample can be made to
fluoresce by using fluorophores. Fluorophores are chemical compounds that, when excited
with light at a specific wavelength, absorb and re-emit light at a greater wavelength. The
fluorescent light from the sample is focused onto a pinhole aperture, the light that makes it
through the pinhole is measured by a detector, a photomultiplier tube. A schematic of a

confocal microscope can be seen in figure 2.8.

Q <«—Detector

— | e <—Emission Pinhole

In focus Light —» <«—Out of focus Light

Laser —» D I <«—Dichroic Mirror

A

Excitation
Aperature <«Objective Lens
Sample <——Excitation Light

Focal Planes <E

Figure 2.8: The pathways of light in confocal microscopy to image different sections of a fluorescent sample.

The schematic is taken from imb.uq.edu.au/facilities/microscopy/
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Imaging work was performed by Darren Robinson at the Wolfson Light Microscopy Facility,
using the Nikon A1 confocal microscope equipped with Nikon elements software. Samples of
0.1 mg mI* Nile Red in vegetable oil (Tesco’s own brand) and oleic acid (Sigma-Aldrich) were
prepared and stirred overnight. To study the surfactant-oil interface, a drop of the dyed oil
and 1% SDS solution was pipetted onto a clean glass slide. A coverslip was placed on the top
of the two drops to form an interface and then the edges of the glass slide were sealed using
dental wax. The optical beam path was set to radiate the sample at the characteristic
excitation wavelength of Nile Red, 553 nm, in order to only illuminate the oil. The
microscope was focused on the interface of the oil droplet and images of 425 um by 425 um

were collected every 0.2 seconds, until any changes were complete.
2.2.7.2 Bar-spreader Microscopy

A bar-spreader is an instrument that applies an even layer of a solution to a substrate by
passing a moving bar across its surface at a pre-defined distance to form a film. The method
was developed to study the phase separation of bar-spread polymer films in situ by placing
the bar-spreader within a laser reflectance microscope.*® The same method can be used to
mimic the process of cleaning a hard surface, figure 2.9. Firstly, the surface is “soiled” by the
application of an oil film: a blade draws the oil at a fixed height across the surface of the
slide. The blade is returned to its original location and a surfactant solution is pipetted onto
the film and images are recorded from above the oil film as the blade is again drawn over

surface to spread the solution.

a) b)

o

Figure 2.9: Process for drawing a surfactant solution (dark blue) across the surface of an oil (pink) in bar-

spreader microscopy. a) Oil drawn across the surface using a blade 50 um above the surface to create a film b)

Surfactant solution drawn across the oil film c) Images taken by microscope positioned above the slide

A bar-spreader microscopy set-up developed and built by Toolan et al.*® was used to observe
the application of a surfactant solution to an oil film in a model of hard surface cleaning. A
motorised bar coater was placed in a reflection mode microscope equipped with a Nikon
10x objective. The bar-coater was fitted with a razor blade to draw the oil and surfactant

solutions across the surface of a glass slide. Firstly, the oil, oleic or vegetable, was
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micropipetted onto the glass slide at the centre of the razor (20 uL). The razor was drawn
across the slide at a speed of 25 mm s at a height of 50 um from the surface to form a film.
The razor was returned to its initial position. The surfactant solution (20 pL) was

micropipetted onto top. Images were taken at a rate of 20 s for 30 seconds.

2.3 Film removal test

To optimise the removal of a soil from a substrate, an appropriate soil, substrate, and a
reproducible method of making, applying, and removing the soil are needed. A test detailed
by Dunstan and Fletcher was adapted for use in this project.3” A number of changes were
made to this test to run the experiments in batches. Therefore, an investigation of stirring
rate, slide position in the cleaning solution, measurement of soil removal loss by area and
mass loss and the composition of the model soil, was performed. The following details the
preparation of the reproducible soil and the resulting method to perform the soil removal

test.

2.3.1 Film Preparation

Firstly, glass slides were cleaned by sonication for 15 mins in 1 w/w% Micro-90 cleaning
solution followed by 15 minutes sonication in deionised water. The TAG mixture was
prepared using the same method and materials as that used for QCM-D, discussed in section
2.2.6.2, from 33.3 w/w% lard, 25 w/w% vegetable oil, 33.3 w/w% vegetable shortening and
8.3% linseed oil, resulting in a yellow homogenous liquid. This molten TAG mixture was
pipetted onto pre-weighed clean glass slides. The slides were thermally aged by being placed
in a 200 °C oven for 1 hour to convert the soil from a liquid into a viscous semi-solid which is
resistant to removal by surfactant. After this time, the slides were removed, left to cool and

re-weighed.

Figure 2.10: Prepared glass slide coated in a TAG film containing a mixture of 33.3 w/w% lard, 25 w/w%

vegetable oil, 33.3 w/w% vegetable shortening and 8.3% linseed oil.
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2.3.2 Film removal measurement

TAG coated glass slides (either individually or in batches of 3) were held vertically in a glass
beaker containing 250 ml of test surfactant solution while vigorously stirred, figure 2.11. The
slides were immersed for 24 hours, as this was enough time to observe removal of
approximately half of the soil by a formulated cleaning formulation. Next, the slides were
removed and rinsed gently with deionised water. Subsequently, the slides were dried under
reduced pressure in a vacuum desiccator for 24 hours and re-weighed. The percentage
change by mass and area of the TAG film (as shown in the following section 2.3.3) was

measured.

Crocodile
Clips
Cardboard
Lid

TAG coated
slide

Surfactant
Solution

Figure 2.11: A three sample setup (labelled A, B, C) of the cleaning test where a model soil, consisting of TAG,
was applied to a surface and thermally treated was placed in a cleaning solution and the subsequent mass loss

was measured.

2.3.3 Area change measurement

Photographs of the slides were taken using an iPhone camera (12 megapixel, 1.22 um pixel
size) after thermal aging of the films and after testing, once the slides had been washed and
dried. Image analysis software, Fiji, was used to colour threshold the images and calculate

the area of the TAG film (ranging from 1200 to 1800 mm?).*!

53



G
EL SR

e e

Image taken by iPhone Outline of TAG film in image created in Fiji

Figure 2.12: Determination of area change by conversion of an iPhone photograph of the TAG film before
cleaning into an image outlining the TAG remining on the surface of the slide only, using the image processing

software, Fiji.
2.4 Machine Learning

Machine learning is the use of known data to learn a function which allows prediction about
data that is unknown.*? Without explicit programming, algorithms are used which allow
computers to learn from data and improve their predictions. The main types of machine
learning are: supervised learning, where the empirical data set comprises of inputs and
outputs and the aim is to discover their relationship, and unsupervised learning, where the
input data has no corresponding target data, so the algorithms analyse the data without
prior training. Machine learning is able to analyse large numbers of parameters and large
data sets so has found multiple industrial uses, including image recognition, prediction

systems and medical diagnoses.**™

The machine learning techniques utilized in this thesis were possible due to a collaboration
with experts in the Machine Learning group at the University of Sheffield: Neil Lawrence,
Javier Gonzalez and Alan Saul. These computational scientists used the Python programming
language to implement machine learning algorithms, including Bayesian Optimisation, which

was used to perform the optimisations in this thesis.*¢2
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2.4.4 Bayesian Optimisation

Situations where the mathematical relationship between input and output variables is
unknown are called black-box functions. If they are expensive to evaluate, for example to
obtain the required data requires a lot of time or financial cost, and the aim is to identify the
optimal parameters for finding either the maximum or minimum result, one method that
can be utilised is a Bayesian Optimisation. For example, the black-box problem considered in
this thesis is the relationship between the concentrations of a number of surfactants in an
aqueous mixture and the properties of the resulting solution: surface tension and soil
removal efficacy. Bayesian optimisation is a machine learning method for globally optimising

black-box functions by modelling through a stochastic process as follows.**°

A global optimization problem, targeting the maximum of the function, f, within the possible

values of x, can be expressed as:
x* = argmax f(x), x€eX

where X is the range of values within which x can be.>! Arg max, or the arguments at the
maximum, are the points, or inputs, for the largest possible values of a function. In the case
of Bayesian optimization, f is a black-box function, and f is observed by stochastic (randomly
determined) outputs, y. The algorithm sequentially searches for where the maximum value
is likely to be based on previous observations. For each iteration, n, this location is selected,
Xn+1, and Yns1 is observed to query f. In this thesis, for example, one global optimization
problem is to minimise the surface tension (y), with the input parameters (x) of:

concentration of the surfactants between 0 and 1 w/w% and the pH from 2 to 11.

Bayesian optimization approximates an unknown function using prior knowledge, which is
updated with new evidence, in order to find the best model. This idea is based on Bayes
Rule, which introduced the ability to assign probability to an unknown event using known
information. The idea originated from the Reverend Thomas Bayes and appeared in an

equivalent form in Laplace’s 1814 essay. °%°3

P(x]y)P(y)

PO = =50
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The equation states that our belief about a hypothesis, y, can be updated in the light of new
evidence, x. The posterior belief, P(y|x), is calculated by multiplying our prior belief, P(y), by

the likelihood, P(x|y), that x will occur if y is true.

This idea of updating beliefs based on new data can be applied to the case of approximating
an unknown function, where the ‘posteriors’ are a probability distribution of all the possible
curves (functions) that pass through all the points that have been previously measured, the
‘priors’. With the next point measured, the number of possible functions that pass through
all the points decreases so the probability distributions can be updated, figure 2.13. This is

called a Gaussian process.>*

Prior Posterior Prediction with Uncertainty

Figure 2.13: An example of Gaussian Process regression taken from presentation “Introduction to Bayesian

Optimisation” given by Javier Gonzalez at the Gaussian Processes Summer School, Sheffield, 2017. The first
plot shows a sample of the possible functions from the prior function distribution. The second plot shows the
posterior distribution of functions which must pass through the five data points (black dots). The third plot is a
prediction of the uncertainty: the mean of all functions that can pass through the points is shown by the blue

line and the shaded section shows one standard deviation.

In Bayesian Optimisation, a prior assumption is made about the shape of the function by the
choice of kernel function.>® This takes any two data points, and outputs the covariance
between them. The data analyst’s selection of kernel will be dependent on whether they
perceive the model might be linear, exponential, periodic or cyclic. As a check that the
kernel is adequate, a test set of data can be used to try out different kernels to minimise the

prediction error.>®
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Figure 2.14: The functions from commonly used kernels used for Gaussian Processes, adapted from “The
Kernel Cookbook” by David Duvenaud: a) A linear function obtained from a linear kernel b) A periodic kernel

that generates functions with a repeating structure c) A squared exponential kernel.5”

Once the analyst has selected a kernel, the prediction uncertainty from the Gaussian process
is used to drive the selection of the next set of experiments. In order to maximise x for the
unknown function, f, the next data to be acquired should be selected where the mean is
high and the variance is low, which is directed by the acquisition function. The most
common acquisition function is “Expected Improvement” and describes the balance
between exploration and exploitation; exploration probes the areas in the space where
there is most uncertainty due to lack of previous data whereas exploitation probes the areas
where the maximum is most likely and previous data shows high values.>® A key advantage
of this is importance is placed on sampling areas close to the current maximum to reduce
the number of data points required. In comparison, the alternative, a grid search, gives
equal importance to all points, regardless of previous results, and so measurements will be
directed across the entire range of the parameters, even though the optimum is likely to be
in a small region. Hence, to find the optimum using a grid search would require a larger

number of experiments, with a greater possibility of the optimum being passed over.

In summary, the aim of a Bayesian Optimisation is to design sequential experiments to
optimise physical processes. A prior assumption is made about the shape of the function, via
the kernel, incorporating epistemic uncertainty about the system. The prior and the
likelihood distributions are combined, given observations or data, to give a posterior over
the uncertain function. This posterior is used to decide where next to query (i.e. which

experiments to perform next) in order to maximise the acquisition function, figure 2.15.
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Figure 2.15: An example of a one-dimensional Bayesian optimisation with the aim of finding the minimum in
the function f(x). Observations are performed (black crosses) sequentially and n is the number of iterations
performed in each case. The blue shaded areas show the confidence or uncertainty associated with the
posterior mean function. The black dotted line shows the objective function and the blue line shows the
posterior mean of the function. The bottom graph in each case shows the acquisition function, EI(x), in this
case ‘expected improvement’, which is high where the posterior gives most uncertainty and high where there
is a low mean (as the minimum is the target in this case). The red line shows the peak in the acquisition
function which provides the most important point to evaluate next. In this way, Bayesian methods can be used

to guide measurement efficiently by obtaining the most information from each subsequent measurement.

2.4.4 Optimisation Process

Herein, Bayesian optimisation was used to optimise a mixture of two, as well as three,
surfactants with regards to finding the minimum surface tension, as a lower surface tension
aids hard surface cleaning by increased surface wetting and aiding the detergency
mechanism, as well as the maximum soil removal. The independent variables were
surfactant concentration and pH. For simplicity, only the process of optimisation for
minimising surface tension is now described. The process for soil removal is the same except
the number of experiments in each batch is four times lower and the soil removal is
maximised instead of minimised. The first step was selection of an initial batch of 20
experiments by using a random sampling algorithm given initial constraints of surfactant

concentration (0-2 w/w%) and pH (2-11). The surface tension of each solution was
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measured. This data was used to model the unknown function via a Gaussian Process. By
maximising the acquisition function, the next set of 20 experiments were suggested and
subsequently their surface tension was measured. This process was repeated until no
further improvement was seen in the measurement of surface tension, i.e. the values of
surface tension predicted were not lower than those previously measured. The process is

summarised in figure 2.16.

v
Use prior data to model an unknown function via a
Step 1 .
Gaussian Process
+
Recommendation of the next laboratory experiments to
Step 2 . . L .
perform in order to optimize the acquisition function
+ \
Step 3 Perform the suggested experiments
P (i.e. measure surface tension or cleaning efficacy)
+
Observe whether:
Step 4 * There is improvement on prior data
* The new data matches predictions
I

Figure 2.16: The cyclic process to optimise a formulation using a Bayesian optimisation.

2.4.4.1 Computation

The Bayesian optimisation computation was performed in GPyOpt, which is an open-source
library for Bayesian optimization. GPyOpt uses the Python programming language to

implement machine learning algorithms and was developed by the Machine Learning group
at the University of Sheffield who collaborated on this research. The Bayesian optimisation

1.°° A random sampling algorithm

algorithm used was illustrated previously by Shahriari et a
in GPyOpt determined the initial batch of experiments to be run. The results were computed
into a Jupyter Notebook®® (an interactive, open-source application for developing code) and
the Bayesian optimisation was used to select the next batch of experiments to be run until

the solution with optimised properties was found.
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3. Physical Chemistry of Surfactant Structures

3.1 Introduction

Ill

Commercial “ready-to-use” hard-surface cleaning formulations are complex mixtures of
small concentrations of surfactants and additives in a relatively large amount of solvent. A
considerable amount of time and effort by product development scientists goes into the
selection of the right surfactants in the right quantities to get optimal cleaning efficacy

(among other ingredients, such as solvents or cosurfactants).

To gain an understanding of how a cleaning formulation performs and in what way it can be
optimised, the surfactants chosen for this project needed to reflect those used in
commercial formulations. The choice of surfactants was based on those frequently found in
commercial cleaning solutions and included a range of surfactant classes i.e. non-ionic (decyl
glucoside (DG) and alcohol ethoxylate (AE)), zwitterionic (lauramine oxide (LO) and
cocamidopropyl betaine (CAB)), cationic (alkyldimethyl benzylalkonium chloride (BC)) and
anionic (sodium dodecyl sulphate (SDS)). It is important to note that LO and BC both have

antimicrobial properties as well as being detergents.

Use of these commercial grade surfactants could be problematic as they are not highly
purified, and typically contain mixtures of surfactants with different hydrophobic alkyl chain
lengths or different numbers of repeating units in the hydrophilic group. Minimal
information about each product is given by the suppliers, presumably to obscure the identity
from competitors. Therefore, a greater understanding of the characteristics and composition

of each mixture is required in order to aid later formulation.

In this chapter, analysis of the industrial surfactants is presented. Firstly, the concentration
and structure of the surfactants is determined. Secondly, light and X-ray scattering
experiments are detailed to determine the aggregation behaviour of the surfactants in
aqueous solution. The characterisation of the surfactants alone is important for mixture

optimisation in subsequent chapters.
3.2 Surfactant Characterisation
In order to prepare mixtures for experiments in later chapters, it was necessary to calculate

the concentration of the surfactants alone. Initially, the aim was to calculate the molar
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concentration of the surfactants based on their weight percentage concentrations (w/w%)
and molar mass, determined by thermal gravimetry and mass spectrometry, respectively.
SDS and the AE were obtained as neat surfactant, whereas the other four surfactants were
obtained at various concentrations in aqueous solutions. A moisture analyser was used to
measure weight percentage gravimetrically, by heating the sample incrementally to a
maximum of 150 °C until constant mass was reached (i.e. the point at which all the water
has been removed). A comparison between the concentrations quoted by the supplier and
those measured gravimetrically can be seen in table 2.1. In some cases, the measured values
are higher than those quoted, which may be due to the hygroscopic nature of the
surfactants making complete removal of the water difficult. Another possibility is that
heating causes autoxidation of the surfactants, causing surfactant degradation, which has

previously been shown to occur at temperatures above 100°C.%2

Table 3.1: The weight percent quoted vs. measured by a moisture analyser

Surfactant Concentration given by Measured Concentration /
Supplier / w/w% w/w%
Lauramine Oxide 20-40 31.8+2.08
Benzalkonium Chloride 50 52.1+£0.53
Decyl Glucoside 55 55.5+0.11
Cocamidopropyl Betaine 30 333+2.71

Chain length analysis was performed on each of the surfactants in order to determine the
distribution of chain lengths. Due to the different structures and properties of the
surfactants, different methods of mass spectrometry and chromatography were used as
appropriate. The commercial LO sample was specified to be a mixture of alkyldimethyl, N-

oxide amines with chain lengths from C10-C20. The general structure is shown in figure 3.1.

CHj

|® Q
CH3(CH2),N——-0

CHj

Figure 3.1: General structure of LO

Gas Chromatography — Mass Spectrometry (GC-MS) showed seven fractions, the most
abundant fraction had a chain length of 14 carbons. A summary of the fractions is presented

in table 4.2.
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Table 3.2: Fragment data for LO from the GC mass spectrum. M+ is the molecular ion peak and Mr is the molar

mass.
Fraction Number of C M+ Mr / g mol? Relative
in alkyl chain Abundance / %
1 10 184 201 6.7
2 12 212 229 34
3 14 240 257 47.2
4 16 268 271 15.7
5 17 285 299 18.0
6 18 297 313 4.5
7 20 325 341 4.5

For larger or more polar molecules that could not be separated by GC-MS, Liquid
Chromatography — Mass Spectroscopy (LC-MS) was used. Analysis of the BC sample showed
there were two chain lengths present: one of twelve carbons and one of 14 carbons which
matches the specification provided by the supplier. The relative ratios were approximately

50% of each, by mass.

@ - (CH2),CHg
N

S}
/\
Figure 3.2: General structure of BC

Table 3.3: Fragment data for BC from the LC mass spectrum. M+ is the molecular ion peak and Mr is the molar

mass.
. Number of Cin 1 1 Relative
Fraction alkyl chain M+ / g mol Mr / g mol Abundance / %
1 12 304 304 52.9
2 14 332 332 47.1

The DG sample was analysed using LC-MS, which gave a complicated spectrum. Some
fractions could not be assigned which was in part due to a large number of fractions isolated
and therefore, the relative abundance could not be calculated. The main fractions are
detailed in the table below. The spectrum showed there were mixed glucosides with
different length alkyl chains, C8-C14, and between 1 and 3 glucoside units. The data sheet

provided by the supplier did not give any values for comparison.
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(CH2),CH3

OH

Figure 3.3: General structure of DG

Table 3.4: Fragment data for DG from the LC mass spectrum. M+ is the molecular ion peak and Mr is the molar

mass.
Fraction Molecular Number of Number of Cin M+ / Mr /
Formula Glucoside Units alkyl chain gmol? gmol?
1 C14H25056 1 8 291 292
2 C16H3206 1 10 319 320
3 C18H3606 1 12 347 348
4 Ca0H38011 2 8 453 454
5 C22H36011 2 10 481 480
6 Ca4H40011 2 12 509 508
7 Ca6H44011 2 14 537 536
8 CagHs2016 3 10 640 644
9 C30Hs6016 3 12 668 672
10 C32H60016 3 14 696 700

The zwitterionic ammonium compound, CAB, contained seven fractions (there were no
details in the supplier’s data sheet for comparison). The most abundant fraction having a

chain where n=10. Other fractions had an even number for n ranging from n=4 to n=16.

0
HaC(H0) )J\N/\/\CI:I) o
3 2%/n H
/\
0

Figure 3.4: General structure of CAB
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Table 3.5: Fragment data for CAB from the LC mass spectrum. M+ is the molecular ion peak and Mr is the molar

mass.

Fraction Molecular Formula n M+ /gmol! Mr /g mol! Relative Abundance /%

1 C13H30N203 4 261 262 1.6
2 Ci5H34N,03 6 289 290 13.7
3 C17H3sN203 8 317 318 13.2
4 Ci9Ha0N,03 10 345 346 22.6
5 C21H4sN203 12 373 374 18.4
6 C23HasN,03 14 401 402 15.3
7 CasHs2N,03 16 429 430 15.3

The structure of the AE proved difficult to determine from its spectra, as there were over 30
fractions. There was a common fragment of 163 g mol™, which corresponds to a C12 alkyl
chain, i.e. m=11 (figure 3.5a)). By subtracting this fragment from the largest molecules, the

ethoxy length was determined to range from 14 to 18 ethoxy units.

SDS was selected because it has been studied comprehensively and is also found in many
cleaning products. For comparison with a previous study, the SDS used was laboratory
grade. The supplier’s specification details that the purity was >99% determined by NaOH

titration and >96% determined by GC.2

b 9
(o) n /\/\/\/\/\/\0/8\\0 Na

Figure 3.5: General structure of a) AE (tradename Rhodasurf B7) b) SDS

In conclusion, the chain length distribution of some fractions in the AE and the DG could not
be determined due to the complexity of the spectra and the number of fractions. Several
fractions were also found for the CAB and LO samples. As a result, determination of the
molar concentration of each surfactant solution based on molecular weight would be either
impossible or imprecise, and therefore the measured weight percent concentrations were

used in all subsequent dilutions or mixtures used in this thesis.
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3.3 Critical micelle concentration determination

The surface tension isotherms of six surfactants were measured in order to determine the
CMC (table 3.9) by using the point of inflection in the surface tension data with increasing

surfactant concentration.*® This data was then compared to the previous literature, unless
specified, all the CMC data was obtained from Rosen and Kunjappu’s: Surfactants and

Interfacial Phenomena.®

The critical micelle concentration (CMC) measured for DG, calculated by point of inflection in
the surface tension isotherm, was 0.014 w/w%. As mass spectrometry showed the DG used
herein has a distribution of 8-14 C chain lengths, this result is used to compare with single
chain length glucosides found in the literature. The value of 0.014 w/w% is an intermediate
between the literature values found for the pure fractions. The literature value of CMC for
dodecyl glucoside (C12) was much lower (0.006 w/w%), whilst CMC for octyl (C8) and decyl
glucoside (C10) were higher (0.073 and 0.075 w/w%, respectively). The measured CMC
supports the general trend that CMCs for surfactants in aqueous solutions decrease with
increasing hydrophobic character, which in this case is an increasing carbon chain length.
This rule is demonstrated in the literature for the C12 and C14 chain lengths in BC, which
were reported at 0.20 and 0.052 w/w% respectively. The experimentally determined CMC
value for commercial BC was 0.1 w/w%, which is an intermediate value between the CMC of

the two component surfactants.
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Table 3.9: Comparison of the critical micelle concentrations (CMCs) obtained experimentally vs those found in the literature.t’

Surfactant
Type

Non-ionic

Anionic

Zwitterionic

Zwitterionic

Cationic

Non-ionic

Surfactant

DG

SDS

CAB

LO

BC

AE

Trade Name

Kemgluco CEHL

Mackam CAB-818

Ammonyx LO

Acticide BAC50M

Rhodasurf B7

Measured Literature Values

Surface Tension cmcC

Minima /mN/m | /w/w % Surfactant

28.54 0.014 octyl-B-D-glucoside
decyl-B-D-glucoside
dodecyl-B-D-glucoside

26.23 0.20 C12H25S04'Na*

28.56 0.015 | RCONH(CH,)sN*(CH3),CH,COO

33.49 0.0015 Ci12H25N(CHs),0

28.66 0.10 C12H25N*(CH2CeHs)(CH3),ClI
Ci1aH29N*(CH2CgHs)(CH3),CI

28.42 0.0050 C12H25(OC3H4);,0H
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cMmc/
mM

2.5

2.2

0.19

8.2

0.28

1.6

8.8

2.0

0.1

cMmc/
w/w%

0.073

0.075

0.0066

0.23

0.0096

0.036

0.20

0.052

0.0041

Measured vs.
Literature

Discrepancy in
CMC/ %

80

81

79

13

56

95

50

81

22



For three of the surfactants, AE, CAB and SDS, the values measured were comparable with
those in the literature and were within experimental error (table 3.9). The CMC of the AE
was 0.005 w/w%, similar to 0.0041 w/w% quoted by Rosen.® The CMC of CAB was 0.015
w/w%, which is marginally higher than the value originally quoted by Staszak et al.’
However, the discrepancy can be justified by the number and relative ratios of different
chain length fractions between surfactant suppliers. The CMC of SDS was very similar, 0.2
w/w% determined experimentally versus 0.23 w/w% in the literature, as would be expected
due to its high purity (95%). Conversely, the measured CMC of LO is considerably lower than
found in literature, 0.0015 w/w% versus 0.036 w/w%. This discrepancy could be due to
difference in purity as the literature values are obtained from pure samples whereas the
commercial sample supplied was shown to be a mixture of multiple alkyl chain lengths (C10

to C20).

In the following experiment, figure 3.11, the three most industrially relevant surfactants
were used (LO, BC, DG) and the pH was kept constant for comparison purposes (pH 7). The
CMCs were all in the region of 0.01 w/w%. DG caused the largest decrease in surface tension
of an aqueous solution (28.36 + 0.05 mN m™) whereas BC lowers the surface tension of the
solution the least (33.73 £ 0.08 mN m™). The surface tension at the CMC of LO was 32.23 +
0.19 mN m™.

70+
v Lauramine Oxide
"-E 60 + Benzalkonium Chloride
E 4 Decyl Glucoside
E 50+
o
‘@
&
= 404
(]
(%)
£
n 304
20T T T T T T T TTTI T TTIT
0.00001 0.0001 0.001 0.01 0.1 1 10

[surfactant] / wiw%

Figure 3.11: Effect of surfactant concentration on the surface tension for LO, BC, DG at pH 7

The CMCs of the three industrial surfactants, at pH 7, were within a similar range however

the reduction in surface tension differed significantly, in the order BC < LO < DG. The surface
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tension reduction effectiveness is dependent on the relative sizes of the hydrophilic and
hydrophobic groups in a surfactant molecule.® The finding that the DG reduces the surface
tension more than LO and BC is likely to be related to the superior packing of the surfactant
molecules. The packing in BC will be less efficient due to the bulky benzyl groups and
repulsion of the ionic groups. The previous analysis of the DG sample showed a high number
of fractions, including those of lower molecular mass meaning there are smaller molecules
which would be able to orientate themselves around the larger molecules leading to more
efficient packing and lower surface tension. The surface tension, and CMC, of surfactant
solution are affected by the pH due to changes is micelle formation due to the changes in
hydrogen bonding and ionization of surfactant headgroups or tails, depending on surfactant
class. This led to the decision to include pH as a parameter to be optimised in the

subsequent chapters.
3.4 Micelle Size and Shape Characterisation

At concentrations above the CMC, amphiphiles form micelles due to entropic and enthalpic
contributions to free energy.® In water, burial of hydrophobic moieties in a micelle core is
favourable and the continuation of this process should eventually lead to large aggregates or
phase separation. However, by definition being amphiphilic means the hydrophobic section
of a surfactant is covalently linked to the hydrophilic section. Bringing these hydrophilic
headgroups into close proximity is energetically unfavourable, and these two opposing
effects balance each other to form micelles of finite size. Surfactant micelles can be 2 to 50
nm in diameter;® within the range of Dynamic Light Scattering (DLS) and Small Angle X-ray
Scattering (SAXS). DLS is a fast technique to determine the size of the micelles, i.e.
hydrodynamic radius, whereas SAXS is a technique that uses static scattering to provide
insight into the shape, as well as size, of the micelles, although an electron density contrast

is required.’ Hence, both DLS and SAXS were used as complimentary techniques.
3.3.1DLS

The size of micelles formed by the six surfactants was characterised by DLS. The
concentration of the aqueous surfactant solutions used for DLS was 1 w/w% as this is the
higher than the CMC for all surfactants of interest, presented in section 3.3. The

hydrodynamic diameter of the micelles is shown in table 3.6.
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Table 3.6: Hydrodynamic diameter of surfactant micelles determined by DLS for 1 w/w% aqueous solutions

Surfactant Z-average diameter / nm PDI

LO 5.6+0.0 0.03
BC 29+0.1 0.22
DG 20+0.2 0.16
CAB 6.3+0.0 0.11
SDS 8.6+0.0 0.45
AE 10+0.1 0.03

Interestingly, the data in table 3.6 reveals that one of the surfactants with the broadest
distributions of molecules, LO, shown previously by mass spectrometry, has one of the
lowest PDI. A possible explanation for this may be that the mixture of chain lengths in the LO
sample is beneficial as the rearrangement of the different sized surfactants will lead to
towards the formation one size of micelle at equilibrium. In contrast, the larger PDIs from
samples with less variability in the size of the hydrophobic section of the surfactant indicates
that only micelles of specific sizes can be formed depending on the most favourable number

of surfactant molecules in the micelle, i.e. the aggregation number.

BC, a cationic surfactant, formed the smallest micelles according to DLS. It is important to
note that BC had one of the fewest number of components in their mixture, two: C12 and
14. At the opposite end of the scale, the largest micelles were formed by DG and AE. Both of
these surfactants comprised of mixtures of multiple alkyl chain lengths (C8 to C12) which
could lead to less efficient packing of chains within the micelle core and causing the chains
to occupy a greater volume. An effective hydrodynamic sphere is assumed for DLS particle
size analysis; therefore, the samples were analysed by SAXS in order to determine if this was

an accurate assumption.
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3.3.2 SAXS
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Figure 3.6: g dependence of the normalised scattering intensity for SDS as a function of concentration:
a) 2w/w%b)5w/w% c) 10 w/w% d) Comparison of all 3 concentrations. The circles are the collected
data and the solid lines indicate fit with a model describing core shell ellipsoids.

SAXS can be used to characterise the size and shape of the surfactant micelles. SAXS data
was first obtained for SDS in deionised water at three concentrations (2, 5 and 10 w/w%) as
shown in figure 3.6. The scattering intensity, corrected for background scattering by
subtraction of the scattering of a deionised water capillary, is plotted against the scattering
vector, q. The position of the intensity minima at 0.1 A, is not affected by increasing
concentration, which suggests that the dimensions of the micelles remain constant.
However, the local maxima in intensity at approximately 0.07 A grows with increasing SDS
concentration and is indicative of interactions between micelles. As the size of the micelles is
independent of concentration, this maximum is due to a decreasing intermicellular distance
at higher concentrations, leading to a structure factor. The scattering for SDS is well

described by modeling the system as a mixture of core-shell ellipsoidal particles and a hard

sphere structure factor.
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Figure 3.7: The SAXS model fits used here were for: i) a spheroid core-shell ellipsoid particle, where a is the
axial radius of the core and b is the equatorial radius of the core and t is the thickness of the shell, and ii) a
circular core-shell cylinder, where a is half the length of the core, b is the radius of the core and t is the

thickness of the shell.

The chosen model fits the scattering data well and are in agreement with previous studies of
the shape of SDS micelles.'®*? SDS micelles were modelled as prolate ellipsoids where the
axial radius of the core (figure 3.7i)), the polar radius divided by the equatorial radius, is
greater than 1.2° (Prolate describes an ellipsoid where the two equal axes are larger than the
remaining axis, whilst oblate describes an ellipsoid where the two equal axes are smaller
than the remaining axis.) Is It is commonly accepted that this non-spherical shape is to

account for thermal fluctuations.*3

Table 3.6: Dimension of SDS surfactant micelles determined by small angle X-ray scattering with data fitted to

a core-shell prolate ellipsoid model.

Surfactant a/A b/A Shell Thickness / A

The shell thickness was assumed to be constant around the circumference of the particles.
Since there is only one type of surfactant present in the SDS sample, all the surfactant
headgroups should be the same size. The core equatorial radius of the micelles was 15.9 +
0.1 A, which accounts for the hydrophobic tail length (a stretched C12 chain has a
theoretical length of 16.9 A'4).
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Table 3.7: Dimension of LO surfactant micelles determined by small angle X-ray scattering with data fitted to a

core-shell prolate ellipsoid model.

Shell Thickness / A

Concentration of LO / w/w% a/A b/A

The SAXS analysis for LO is shown in table 3.7. The non-ionic surfactant, N,N-

Dimethyldodecylamine-N-oxide (DDAO), has been shown in multiple previous small angle
neutron scattering (SANS) studies to form elongated prolate ellipsoid micelles.’>¢ The
sample of LO surfactant used in this study contains DDAO, which has a C12 tail group, in
addition to six other fractions with differing tail lengths. The prolate, core-shell ellipsoid
model fits well to the scattering pattern of the commercial LO sample. To make sure the
shape and size of LO micelles are concentration independent two concentrations of
surfactant were prepared: 1 and 2 w/w%. Barlow et al. showed that DDAO formed micelles
of axial radius 16.2 + 0.5 A and axial ratio of the core 1.89 + 0.21.%* The parameters
calculated for this surfactant are in agreement with these values: the axial radii obtained
were 16.9 A and 17.6 A and the axial ratios of the core were 2.23 and 1.90, corresponding to

1 and 2 w/w% respectively.

0.1
] — 1%
] —_ 2%

< 0.01

o ]

\ -

< 0.001

0.0001 + F——T—T=TTTTTT r—T—TTTTTTT
0.01 0.1 1

q/ A

Figure 3.8: q dependence of the normalised scattering intensity for 1 and 2 w/w% LO. Lines indicate fit with a

model describing core shell ellipsoids.



The SAXS pattern of 2 w/w% BC is shown in figure 3.9. Having a best fit to a model of
spherical particles, with a uniform scattering length density, suggests the radius of BC is 8.3
A. Although the spherical model has the best fit, the fit is not perfect. The SAXS pattern
shows a high noise at 0.05 A > g and q > 0.5 A" and the model is a poor fit to the data. In
addition, the SAXS of samples below 2 w/w% resulted in high noise with very little variation
in intensity. These results taken together might be due to low contrast as the difference
between the scattering length density of the micelle and the solvent is small: SLD of BC is
9.18 x 10® A2 and SLD of water is 9.42 x 10 A%, Alternatively, the cause could be that the
micelle is highly solvated which means the scattering length density difference between the

micelle and the solvent would be decreased.
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Figure 3.9: q dependence of the normalised scattering intensity for 2 w/w% BC. Lines indicate fit with a model

describing spherical particles.

SAXS of 1 w/w% DG fits well to both a core-shell ellipsoid and a core-shell cylinder,
suggesting similar values for shell thickness and radius in both cases. A comparison of the
fits can be found in table 3.8. The radius and shell thickness determined by each model are
in agreement; however, there is an 18% discrepancy between the longest axis in the particle
determined by each model. The conversion between the shape of a cylinder to a sphere
could be considered as the curving or rounding of the bases of the cylinder. Therefore, for
the total area of the two shapes to the same, with the same equatorial diameter: an

ellipsoid would be longer than a cylinder.
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Figure 3.10: q dependence of the normalised scattering intensity for DG with the comparison of: A)

concentration and B) fitting of different shaped models.

Previous SAXS studies of alkylpolyglucosides have described the micelles as both ellipsoids
and cylinders. Oliver et al. validated the use of a two-component micelle model to fit
experimental SAXS data for DG by comparing its derived parameters to model-free derived
parameters rather the micelles are short rods which ‘interact via excluded volume
interactions’.}”*8 Zhang et al. showed that simpler core-shell ellipsoid models fit octyl- and
nonyl- glucoside micelles at lower q but at q values > 0.3 A, cylinder fits are more
appropriate.'® Lipfert et al. also performed small angle scattering experiments with
alkylpolyglucosides and found octyl and nonyl glucosides to fit prolate ellipsoid models.?’ As
expected, the values they obtained for the core micelle radius increase with increasing
carbon tail length. For example, the axial radii at the equator, b, for octyl glucoside was 12-
13.2 A (i.e. 8 C) and for nonyl glucoside was 13.5-15 A (i.e. 9 C), a difference of 2 A. The DG
radii was 16 A, showing an increase of the same increment. Difficulties in running scattering
experiments of DG was reported due to its poor solubility, high viscosity and the complexity
of the DG phase diagram. In comparison, our sample of alkyl polyglucoside showed no

solubility issues at any of the concentrations tested.

Table 3.8: Comparison of the dimensions of DG surfactant micelles determined by fitting of small angle x-ray
scattering data using a core-shell ellipsoid model and a spherical cylinder model where a is half the length of

the core, b is the radius of the core and t is the thickness of the shell.

Surfactant a/A b/A t/A Model shape
2% DG 72.0+0.1 17.0+£0.1 7.6+0.1 prolate ellipsoid
2% DG 59.2+1.7 16.0+0.1 7.2+0.1 short cylinder
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3.3.3 Comparison of DLS and SAXS

As SAXS and DLS are complimentary techniques, SAXS measures the static properties whilst
DLS measures dynamic properties. Another difference is that DLS probes the hydrodynamic
diameter, indicating the size of the hydrated or solvated micelle, whereas SAXS gives the size
based on the electron density contrast. The size and shape data from the two techniques

can be techniques is compared in table 3.9.

Table 3.9: Comparison of the size and shape of LO, BC, DG, and SDS micelles determined by DLS and SAXS. The
dimensions of LO, DG and SDS surfactant micelles were determined by fitting of small angle x-ray scattering
data using a core-shell ellipsoid model, where a is half the length of the core, b is the radius of the core and t is
the thickness of the shell. The dimensions of BC surfactant micelles were determined by fitting of small angle

x-ray scattering data using a core-shell model for spherical particles.

Hydrodynamlc

37.5 16.9 2.4 prolate ellipsoid

BC 10 8.3 sphere
DG 100 72.0 17.0 7.6 prolate ellipsoid
SDS 43 26.9 15.9 4.0 prolate ellipsoid

SAXS has the advantage of being able to identify the shape of the micelles, LO, DG and SDS
are ellipsoidal whereas BC is spherical. The spherical radius determined by both methods is
comparable for BC, 10 A by DLS and 8.3 A by SAXS. The radii determined for LO was smaller
by DLS than SAXS, however the value is between the small and long axis determined in the
ellipsoid. However, the radius of SDS was larger than that determined by SAXS, which may
be due to a higher degree of solvation. Furthermore, the radii determined by SAXS for DG
are of the same order of magnitude as the diameter determined by DLS; the Z-average
diameter was 20.33 + 0.21 nm. In summary, SAXS has been used to initially confirm the data
obtained by DLS and further investigate the sizes and shapes of the micelles which

highlighted the differences between the surfactants.
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3.5 Characterisation of micelles in binary mixtures

Apart from a small angle neutron study of SDS and dodecyldimethylamine oxide, there is
little published data on the characterisation of the micelles in agueous mixed surfactant

solutions for the surfactants of interest in this project.?

Hence, the micelles in the binary
mixtures optimised previously, LO/BC and LO/DG, were analysed, by DLS and SAXS. As
mentioned in the previous chapter, the SAXS pattern obtained for BC was very noisy and

therefore, SAXS was not performed on mixtures of LO and BC.
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Figure 3.11: The intensity averaged hydrodynamic diameter of micelles in aqueous mixtures of a) LO and BC
and b) LO and DG, measured by DLS. The black lines show a linear regression fitted to the two sections of each

data set.

Figure 3.11 shows DLS of surfactant mixtures of LO/BC and LO/DG at 1 w/w% total
surfactant concentration, which is above the CMC for all 3 surfactants. For the duration of
this discussion, @0 is the ratio of LO to the other surfactant, either BC or DG. The mixed
LO/BC systems are of similar diameter to solely BC micelles until @0 is above 0.9. As
discussed previously, LO micelles are much larger than the BC micelles, 2.9 nm (at ®.0 = 0)
and 5.6 nm (at @0 = 1) respectively. The small size of cationic BC micelles reflects the strong
repulsive electrostatic interactions between the charged headgroups. As LO is zwitterionic,
the small size of the micelles may suggest that the LO is incorporated into the BC micelles in
its positively charged form causing no change in the repulsive interactions between
headgroups. The second binary mixture, LO and DG, was studied by DLS and SAXS. Earlier DG
was shown to be a mixture of multiple alkyl chain lengths forming larger micelles whereas
there were only 2 chain lengths in the sample of BC and DG micelles (20.3 nm at @0 = 0) are
much larger than the LO micelles (5.6 nm at @0 = 1). DLS of the mixture showed the micelle
diameters decrease linearly with increasing LO concentration and there is a decrease in

gradient when @0 = 0.6. With higher LO concentrations higher than this, the rate of change
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in micelle diameter decreases shown by the smaller gradient of the regression line in figure

3.11a).
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Figure 3.12: The 1D scattering patterns for aqueous mixtures of LO and DG showing the formation of mixed
micelles where a) shows the scattering patterns obtained experimentally and b) shows the mixing of two
populations of single surfactant micelles, LO and DG, simulated by adding their individual SAXS patterns

together in relative proportions.

The SAXS patterns collected for the mixtures of DG and LO, figure 3.12 a), suggest the
formation of mixed micelles. This can be shown by weighted addition of the SAXS patterns
for the individual surfactants (Do =0 and @0 = 1). For example, the scattering pattern for
@Do= 0.5 is a combination of the SAXS pattern from half the LO pattern (Do = 1) and half the
DG pattern (O = 0). For two populations of micelles, the minima would be expected to be
gradually lost with increasing DG concentration (as in figure 3.12 b)). However, this is not the
case; comparison of the position of the minima at q ~ 0.1 A in figures 3.12 a) and b) show a
significant difference and the shape of the patterns’ changes (i.e. the minimum shifts to

lower A in the patterns for ;o= 1, 0.8 and 0.67 in figure 3.12 a)).
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3.6 Conclusions

In this investigation, the aim was to assess the physical characteristics of six commercial
surfactants (LO, BC, DG, CAB, AE and SDS) through the determination of their native
concentration, molar mass and fraction composition, micelle shape and size and CMC. This
study has shown that many of these commercial surfactants are complex mixtures, meaning
that the molar concentrations could not be precisely determined using moisture analysis
and chromatography. The shape and size of the micelles formed by these surfactants were
analysed by applying different micelle models, namely spherical, ellipsoidal and cylindrical,
to SAXS data, and were broadly in agreement with the literature. Surface tension is used as
an indicator of surfactant efficiency, therefore determination of the CMC of these
surfactants was measured and compared to literature values. Binary mixtures of LO/BC and
LO/DG were analysed by DLS to investigate the behaviour of the mixed micelles and SAXS

was used to identify the formation of mixed micelles in the mixture of LO and DG.

These findings suggest that when using industrial grade surfactants to formulate solutions
with targeted properties, i.e. cleaning solutions, each surfactant component should be

regarded as a mixture of different molar masses. The results in this chapter have informed
the design of initial optimisation experiments later on in this project with regards to initial

boundary conditions.
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4 Bayesian Optimisation with respect to Surface Tension

4.1 Introduction

Mixtures of surfactants are used in many applications, such as detergents, coatings,
cosmetics and personal care, due to synergistic effects, where the properties of the mixture
are greater than that of either pure surfactant. In addition, commercial surfactants are
mixtures of different isomers, lengths of the alkyl chain and headgroup orientation, due the
process of their manufacture. Properties of surfactant mixtures, such as adsorption, shape
and size of self-assembled structures, can be difficult to predict due to the synergistic, or

antagonistic, behaviour of surfactant mixtures.!

Surfactant mixing has been previously studied using surface tension to quantify one aspect
of the physical chemistry of the mixture.? Prediction of the CMC, the point of inflection in a
surface tension isotherm, for some surfactant mixtures has been achieved using regular
solution theory or, more recently, molecular thermodynamics.>* Surface tension plays a role
in the removal of soil from a surface. By reducing the surface tension of a solution, its
wetting ability is increased leading to a greater coverage of the soiled surface. Above the
CMC, there is more surfactant available (as monomer or in micelles) to perform the
mechanisms of cleaning discussed previously: roll-up and emulsification. In addition, the
surfactant micelles are able to aid in prevention of re-deposition of the soil on the surface.
Thus, the minimum in surface tension was the parameter chosen to optimise as it has
importance in the cleaning ability of a surfactant mixture with minimal difficulty in
measurement. Computational methods to optimise mixtures of surfactants are limited and,
so far, the models only extend to surfactant mixtures of three parameters.*® Furthermore,
these approaches require detailed characterisation of the surfactant that are difficult to
obtain for commercial surfactants because they are complex mixtures as shown in in the

previous chapter.

Due to the complexity of formulations, formulators use their years of expertise coupled with
general guiding principles. As discussed in Chapter 2, this has driven the use of traditional
design of experiment (DOE) approaches in product formulation.”® DOEs target finding an
empirical model for the system of interest using an experimental design to more efficiently
cover the formulation space. However, these methods rely on the ability to fit a suitable

model which may not be the case if there is high nonlinearity in the data collected.®'° An
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alternative method is adaptive experimental optimisation, which guides an experimenter to
find the optimum by suggesting the next experiment to perform based on Bayesian rules of
probability.?*? The advantage of this method is that importance is placed on areas in the
formulation space close to the “best” previous results, in order to reduce the number of

experiments required to find the optimum.

This chapter explores the use of Bayesian optimisation to optimise a mixture of surfactants
with multiple variables (surfactant concentrations, water concentration and pH). As
discussed in a previous chapter (section 2.4), Bayesian optimisation is a data-driven iterative
approach to deal with black-box problems: the mathematical relationship between the input
and target variables is unknown.? In this case, the black box problem is the optimisation of a
surfactant mixture where the target output variable is the minimum in surface tension
optimised by finding the right combinations of surfactants and the right concentrations in an
aqueous mixture.'?'? In summary, this chapter investigates the extent to which the lowest
surface tension of an aqueous mixture of surfactants can be identified using a Bayesian

optimisation methodology.
4.2 Design Loop

The first step in the design of the Bayesian optimisation is to select the input and output
parameters and boundary conditions and whether the unknown function is to be maximized
or minimized. Next, an initial batch of experiments (surface tension measurements) was
selected which randomly cover the formulation space previously defined. Upon acquiring
the data for the initial batch of experiments, the unknown function is modelled using a
Gaussian process. The next set of experiments are suggested in order to optimise the
acquisition function derived from the Gaussian process. The suggestions have a high chance
of improving on previous results or are in unexplored areas of the formulation space. The
collected data is compared to the predictions and the process is repeated until no further

improvement is observed.

Run
Experiments

Machine Learning

D
ata Algorithm

Prediction

Figure 4.1: The optimisation process using a machine learning algorithm
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4.3 Bayesian Optimisation of LO and BC

The target of the first optimisation was to find the pH and concentrations of LO and BC in an
aqueous mixture with the lowest surface tension. To begin the iterative optimisation
process, an initial experimental design was chosen to select a preliminary batch of 20
experiments. A randomised sampling algorithm with a bias was used to select the
preliminary batch with half the experiments having a water concentration between 99.8%
and 100% and the other 10 between 99% and 100%, figure 4.2. This was due to the
knowledge, from chapter 3, that the CMC of the individual surfactants were within the range

0.0015 to 0.2 w/w% surfactant and the formulation space could be reduced.
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Figure 4.2: The initial experimental design selected by a random sampling algorithm within the following
parameters that define the formulation space: 99-100 w/w% water, 0-1 w/w% of each surfactant and pH of

integer values between 2 and 11. The size and colours of the bubbles indicate the pH.

The surface tension of the twenty created solutions were measured. There was a range in
the surface tension measured, as would be expected for a random sample. The optimisation
algorithm was used to select the next batch of 20 experiments. The experiments suggested
were predicted to have a low surface tension based on the data previously collected or were
associated with a high uncertainty due to being in areas of the formulation space not

previously explored (figure 2.15 in section 2.4.4).
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Figure 4.3: Surface tension through the optimisation process of an aqueous binary mixtures of LO and BC. For
comparison, the surface tension of water is 72 mN m at 25 °C. The lowest surface tension at each iteration is
shown by the dark blue line and the surface tension measured at that iteration is shown by a light blue circle.

No further improvement was seen after 23 iterations indicating the optimum had been identified.

Figure 4.3 shows the lowest surface tension observed with each iteration of the
optimisation, i.e. after each surface tension was measured. There is no further decrease in
the surface tension after iteration 23 which was the lowest surface tension observed for the
mixture of LO and BC, 29.89 mN m™. The subsequent experiments probed the previously
identified optimal region of the formulation space, in addition to other areas, but did not
observe any lower values of surface tension. The optimisation was terminated after 45
iterations (surface tension measurements) to be confident the minimum value of surface

tension had been identified as multiple experiments had not shown any improvement.

Figure 4.4 shows the concentrations of surfactant, pH and corresponding surface tension for
each solution measured, as suggested by the Bayesian optimisation. Due to the difficulty of
creating a graph with 6 axes, the data is shown as a matrix of graphs indicating there
pairwise relationahips. As all the surfactants used in this study have different critical micelle
concentrations, to be able to make a comparison between the concentration of surfactant
needed to lower the surface tension for the surfactant alone and in a binary mixture, the
units of surfactant concentration are given as normalised to the CMC. The effect of pH on
surface tension of this mixture was explored by the optimisation. First, the 3 pH vs. surface
tension graph (purple crosses) shows alignment of points around surface tensions of 33-34
mN m™ and the pH vs LO concentration (orange square) and BC concentration (pink

diamond) show experiments across the pH range. Second, by looking at the experiments
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suggested by the optimisation, 10 pH’s, between 2 and 11, were measured for a solution

with the same surfactant concentrations. However, there was little variation in surface

tension, + 0.5 mN m, which indicates that pH does not minimise surface tension for this

surfactant combination. The points clustered at low concentration in the graph of LO vs BC

concentration indicate the convergence of the optimisation, which is corroborated by the

concentrations of the surfactants in the optimum mixture, table 4.1.
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Figure 4.4: Experiments performed in a Bayesian optimisation of an aqueous binary mixture of LO and BC, with

regards to minimising the surface tension. For comparison, the surface tension of water is 72 mN m at 25 °C.

The boundary conditions were: 0-2 w/w% of each surfactant, 98-100 w/w% water and pH 2-11. Each point

represents a single experiment, of which there were 45. The concentration of the surfactants is given in units

normalised to their CMC concentration, as an indication of surfactant synergism. In the graph of LO vs BC

concentration, there are points clustered at low concentration indicating convergence of the optimisation. The

alignment of points on the pH graphs (bottom row) was due to the optimisation selecting experiments to test

out pH dependence i.e. fixing the concentrations of BO and LO while changing pH.
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In the mixture with lowest surface tension, in table 4.1, there are two interesting
observations. First, the concentration of both surfactants was lower than either CMC
individually: LO was 70% of its CMC and BC was 18.8% of its CMC. Second, the surface
tension of the optimal mixture (29.89 mN m™*+ 0.07) was lower than the surface tension
either surfactant was able to achieve individually, LO 33.49 + 0.25 mN m™ for LO and 35.17 +
0.05 mN m™ for BC. The increase in efficiency of the surfactants at reducing surface tension
shows that these surfactants are exhibiting synergism which has been seen before, for
example, in a previous study of the mixing behaviour of a BC surfactant and non-ionic,
polyoxyethylene alkyl ether surfactants by Nandni et al.** There is an increase in surface
activity due to the formation of electrostatically stabilised mixed micelles as the non-ionic
LO molecules insert themselves into the cationic BC micelles, which shields the repulsion
between charged headgroups in addition to possible ion-dipole interactions between the

ionic and cationic headgroups.**

Table 4.1: Result of the optimisation of a LO, BC surfactant mixture with respect to the minimum in surface

tension.

LO BC Water Surface

Concentration Concentration Concentration Tension
(/cMC) (/cMC) (w/w%) (mN m?)
0.7 0.188 99.98 6 29.89 + 0.07

A final observation was the total amount of surfactant that is required to be effective in
lowering the surface tension in the optimal agueous surfactant mixture, 0.02 w/w%, is much
lower than the amount typically used in cleaning formulations, 2-5%.% This is significant as

the surfactant is one of the most expensive components in a cleaning formulation.
4.4 Bayesian Optimisation of LO and DG

As the iterative optimisation process to minimize surface tension efficiently found the
optimal mixture for a binary mixture of a zwitterionic and cationic surfactant, the
optimisation was implemented on a zwitterionic — non-ionic surfactant mixture, LO and DG.
Except for the type of surfactants, the initial batch of 20 experiments chosen was identical to
the previous optimisation with the same ratios of surfactants and boundary conditions: 99-
100 w/w% water, 0-1 w/w% of each surfactant and pH of integer values between 2 and 11.
Once the surface tension for these initial 20 experiments was measured, the data was used

to suggest subsequent experiments using a Bayesian Optimisation.
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Figure 4.5: Surface tension through the optimisation process of an aqueous binary mixtures of LO and DG. For
comparison, the surface tension of water is 72 mN m at 25 °C. The lowest surface tension at each iteration is
shown by the burgundy line and the surface tension measured at that iteration is shown by a pink circle. No

further improvement was seen after 30 experiments indicating the optimum had been identified.

The optimisation was terminated after 60 experiments as no further improvement was
expected. Figure 4.5 shows the experiment iteration number vs surface tension. There was a
reduction in surface tension on those previously measured at the thirtieth iteration which
was the lowest surface tension measured for the combination of LO and DG, 29.54 mN m™.
Further experiments probed this region of the formulation space, in addition to other areas,

but no lower values of surface tension were observed.

In this second optimisation of a binary mixture, pH did have an effect. The graphs in figure
4.6 for pH vs LO concentration (yellow circles) and DG concentration (pink diamonds) reveals
that solutions with lower surface tension are found with low pH. In the second round of the
optimisation, all of the suggested experiments were at pH 2 indicating the algorithm had
found the minimum at pH 2 which was the minimum boundary of the formulation space.
Previous investigation of the surface properties of amine oxides showed a high pH-
dependence, which was theorised to be due to formation of cationic species due to the

protonation of the oxygen at high pH which forms hydrogen bonds with other cationic or

ionic species.'®!’
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Figure 4.6: The formulation space selected for the optimisation. Boundary conditions were 0-1 w/w%
surfactant, 0-98 w/w% water and pH 2-11. For comparison, the surface tension of water is 72 mN m at 25 °C.
Each point represents a single experiment, of which there were 60. The concentration of the surfactants is
given in units normalised to their CMC concentration, as an indication of surfactant synergism. In the graph of
LO vs DG concentration, there are points clustered at low concentration indicating convergence of the
optimisation. In the graphs of surfactant concentration vs surface tension for LO (red crosses) and DG (blue
triangles), a plateau of the surface tension at high surfactant concentrations is observed. The pH vs surfactant

concentration graphs show a large proportion of the selected experiments were at pH 2.

In the graphs of surfactant concentration vs surface tension for LO (red crosses) and DG
(blue triangles), a plateau of the surface tension at high surfactant concentrations is
observed. The total concentration of each surfactant in the mixture is much higher that their

individual CMCs, table 4.2.
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Table 4.2: Result of the optimisation of a LO and DG surfactant mixture with respect to the minimum in surface

tension.

Water Surface

Concentration pH Tension

(Ww/w%) (mN m?)
137.34 25.5 99.44 2 29.54 £ 0.03

LO Concentration DG Concentration

(/cmc) (/emc)

It was surprising that the surface tension at the CMC for the optimum mixture was higher
than that of DG alone and therefore an effort was made to figure out why. This result may
be explained by errors caused by a new De Nouy ring (used in the measurement of the
individual surfactants whilst the old ring was used for the optimisation). By re-measuring
some of the test solutions and comparing the results from the two De Nouy rings, it was
found that surface tensions of the samples measured with the new ring were all lower than
that measured previously. The surface tension of the optimum sample measured using the

new De Nouy ring was 28.21 mN m™.
4.5 Bayesian Optimisation of a Binary Mixture Conclusions

The purpose of both of these optimisations (LO/BC and LO/DG) was to determine whether
the Bayesian Optimisation can optimise a surfactant mixture efficiently. The LO/BC and
LO/DG mixtures were optimised with regards to four parameters: two surfactant
concentrations, water concentration and pH. For both binary mixtures studied, the optimum
was reached within 30 iterations, which is a much-reduced number compared to one-factor-
at-a-time optimisation. In addition, this number is comparable to the number of runs
required for full factorial or Box-Behnken experimental designs, which are frequently used in
detergent optimisation. The number of experiments required to optimise four parameters is

30 for a central composite design and 27 for a Box-Behnken design.
4.6 Bayesian Optimisation of a Ternary Mixture

After optimising two binary mixtures of surfactants in aqueous solution, the optimisation
was extended to three surfactants: LO, BC and DG. Commercial cleaning solutions can
contain more than two surfactants so if a surfactant was added to a synergistic system,
determination of whether the extra surfactant would show increased synergy or be
detrimental to the system would be required. Furthermore, the addition of another
parameter introduces complexity therefore, it was predicted that more iterations would be

required.
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Figure 4.9: Iterations of the optimisation process of a ternary surfactant mixture with regards to surface
tension of a surfactant mixture of LO, BC and DG with respect to the minimum in surface tension. The
observed (measured) surface tension is compared to the surface tensions predicted by the model for the most
recent data collected (red circles), the next proposed experiments (green lines) and the previously measured
experiments (blue circles). The previous data collected in (1) is from the binary mixtures of LO/BC and LO/DG,

optimised previously.

The additional surfactant was added to the previous binary mixtures to take advantage of
the results already obtained. The Bayesian optimization iteration process for the three-
surfactant mixture is shown in figure 4.9. The green lines show the predicted values of
surface tension associated with suggested experiments. The blue dots show the surface
tension of previously measured ternary mixtures. The red dots are the surface tension
values of the most recent batch of measurements. Therefore, if the predictions for all
experiments are perfect, the green lines in graph 1 would correspond to the red points in

graph 2.

To identify when the optimum surface tension has been reached, the position of the
predicted surface tensions relative to previous data is used. In graphs 1 and 2, the proposed
batch of experiments include a number that are predicted to have lower surface tensions
than those previously measured i.e. green lines at lower values than the blue/red dots. In
graphs 3 and 4, data collected prior has lower surface tension than any predicted of the

proposed batch of experiments. Therefore, the next iterations are to investigate any areas of
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the formulation space with some uncertainty, for example, outliers due to physical

measurement error or areas with less measurements. The optimal mixture has been

identified by this point and it is unlikely further batches will show improvement.
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Figure 4.10: Graph matrix for the optimisation of a ternary mixture of LO, BC and DG surfactant mixture with

respect to the minimum in surface tension. The graphs along the diagonal highlighted in pink show the number

of experiments than have been performed with each proportion of surfactants, showing a greater number of

experiments with higher decyl glucoside concentration. The peaks where the concentration of surfactant is

zero in the histograms are due to the inclusion of the binary mixtures in the optimisation. The graphs

highlighted in green on the bottom row of the matrix show the effect of surfactant concentration and pH on

the surface tension, with low surface tensions found across the pH range.

Figure 4.10 shows a matrix of graphs to compare the all the surfactant solutions in the

optimisation of the ternary mixture of LO, BC and DG. Little linear correlation is observed

between all input variables. However, two key ranges of graphs are highlighted. First, the

diagonal in the matrix (highlighted in pink) gives an indication of the relative number of

experiments selected in different concentration ranges with regards each parameter (i.e.

surfactant concentration, pH and surface tension). The histogram for the experiments at
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different Decyl Glucoside concentrations shows the model selected more experiments with
higher DG concentration, relative to the other surfactants. This is in agreement with the
surface tensions of the individual surfactant, DG reduce the surface tension of water the
most. The incorporation of the binary mixtures (LO/BC and LO/DG) in the data is shown by
the peak at 0 w/w% in the surfactant concentration. The histogram for the number of
solutions showed the model had a tendency towards solutions of pH 2. This peak at pH 2 is
most likely due to the inclusion of the LO, DG binary mixtures which had lower surface

tensions at pH 2.

Table 4.3: The four lowest surface tension values found by a Bayesian Optimisation of a ternary mixture of a
LO, BC and DG surfactant mixture.

£0 B¢ o8 sater Surface Tension
Concentration Concentration  Concentration  Concentration pH q
(/cmc) (/cmo) (/cmo) (w/w%) s
1.4 0.582 0.338 99.935 6 28.04+0.20
2.27 0.019 5.746 99.914 6 28.09 £ 0.04
7.73 0.031 7.356 99.911 9 28.08 £ 0.02
11.33 0.002 8.855 99.870 9 28.09 £ 0.01

Second, the scatterplots of each parameter against surface tension are highlighted in green.
Low surface tensions are found right across the pH range and with a high proportion of
water and therefore a low surfactant concentration. Interestingly, the optimisation found
that the four lowest surface tension values were within 0.05 mN m™. In table 4.3, the results
show that low surface tensions mixture were found for solutions with the major component
being LO or DG. The surface tensions all had water concentrations above 99.8%. In addition,
the surface tension of all four mixtures was lower than for each surfactant individually; the
differences were 5.4 mN m*for LO, 0.6 mN m™ for BC and 0.5 mN m™ for DG. For all three of
the four lowest surface tension mixtures, the amount of LO and DG are higher than their
concentrations at the CMC. However, for the lowest surface tension measured, the

concentration of DG is lower than the CMC and LO is 40% greater than its CMC.
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Figure 4.11: Surface tension of aqueous mixtures of LO, BC and DG with respect to total surfactant
concentration normalised to the CMC of the individual surfactants. The colours indicate the pH of each

surfactant solution.

Figure 4.11 shows the surface tensions of the all the surfactant mixtures measured against
the total surfactant concentration normalised to the critical micelle concentration of each
surfactant. There is a variation of ¥ 5 mN m™ at C, > 100 showing that the total surfactant
concentration does not directly determine surface tension. In general, there is no further
decrease above a C, of 10 which is approximately the concentration of surfactant used in
commercial cleaning formulations. There is also the indication that surface tension is

independent of pH.

The iterative optimisation process does not conclude of its own accord. The process
continuously searches for better results (lower surface tension values in this case). However,
there is a point when the values suggested are not lower than those predicted and the
values over all the iterations show a long time since the lowest value was found. The
optimisation of a ternary mixture is an increase of one parameter in comparison to the
binary mixture optimisation and therefore, an increase in the number of experiments
required to identify the optimal formulation would be expected. In total, 140 experiments
were performed during this optimisation, however, the 43™ experiment showed a low
surface tension that was not improved upon in later solutions, shown in Figure 4.12. The

number of experiments is much lower than would be expected from trial-and-error testing
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(in which the optimum may not be found).X® In addition, this number is an improvement
over the number of runs required to optimise a formulation with regards to five parameters
using a full factorial or Box-Behnken experimental design, which would be 52 and 46
respectively.!® Although this method has many advantages, there are a few limitations that
must be considered. First, is the inability to make predictions in the cases of antagonistic
surfactant mixtures that cause precipitation, i.e. if a cationic and anionic surfactant were
mixed. Second, the optimisation is specific to the selected surfactant so predictions cannot
be made about similar surfactant mixtures and the process has to be repeated for each new
surfactant formulation. Finally, formulators are able to learn and run a full factorial or Box-
Behnken experimental design, however, in contrast, to set up a Bayesian optimisation would

require a highly trained computer scientist.
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Figure 4.12: Surface tension through the optimisation process of an aqueous ternary mixture of LO, BC and DG.
The lowest surface tension at each iteration is shown by the purple line and the surface tension measured at
that iteration is shown by a pink circle. No further improvement was seen after 43 iterations indicating the

optimum had been identified.
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4.7 Conclusions

The surface tension of binary and ternary surfactant mixtures was minimised using Bayesian
Optimisation, reducing the number of required experiments compared to the use of a
factorial or matrix method. In the optimised binary mixture of LO and BC, the concentration
of surfactants was lower than their individual CMCs, 0.7 CMC? of LO and 0.188 CMC™* of BC,
and the surface tension was lower than either surfactant’s minimum, 29.89 + 0.07 mN m™.
Another binary mixture was optimised, LO and DG, and the concentration of the surfactants
in the optimised was higher than their CMC, 137.34 CMC?! and 25.5 CMC?, and the
minimum is surface was 29.54 + 0.03 mN m™. In the case of LO and BC, pH did not have an

effect. In contrast, a lower pH leads to a lower surface tension in the mixture of LO and DG.

For the optimisation of a ternary mixture of surfactants, low surface tensions were found
across the pH range and there was a tendency towards higher decyl glucoside
concentrations to obtain lower surface tensions. In the system with the lowest surface
tension, the value of surface tension was lower than both the surfactants alone and the
optimised binary mixtures, 28.04 + 0.20 mN m, with concentrations of surfactants being 1.4
CMC? of LO, 0.582 CMC? of BC, 0.338 CMC! of DG. This is firstly interesting as it suggests
that the critical micelle concentration of the mixture is at a much lower concentration than
any surfactant alone. Hard surface cleaning formulations have total surfactant
concentrations typically in the range of 1 to 5 w/w%, whereas the optimised surfactant
solutions here have less than 0.2 w/w%. If less surfactant was used in these formulated
products, this could reduce the cost of production. However, this assumes that the surface

tension is related to the cleaning efficacy which will be discussed in Chapters 5 and 6.
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5. Optimisation of soil removal

In Chapter 4, optimization of a surfactant formulation with regards to surface tension was
performed. However, surface tension alone does not describe how a soil is removed from a

surface and a test for soil removal was sought, and later optimised.
5.1 Soil removal tests used in academic and industrial research

In the development of effective cleaning products, it is important to be able to quantify soil
removal. A number of methods have been used previously to measure the ability of
detergents to remove soil from a hard surface, for many different types of soils’ and
surfaces*®. The first examples used radioactively labelled fatty acids to model soils.>” These
soils were applied to laminate disks by a pellet press before immersion and rotation in the
cleaning solution to be tested. Aliquots of the cleaning bath were removed periodically, and
the radiolabelled fatty acid concentration was measured by a liquid scintillation counter to
indicate the amount of soil removed from the surface. An alternative test using a similar
system was performed by Kabin? but instead used abietic acid as the model soil. The
concentration of abietic acid in the washing solution could be measured using a UV
detector.® Subsequently, other tests have been developed for different cleaning applications

e.g. dishwashing, sprays, sponges.

A method to test a hard surface cleaning solution was developed in which a soiled panel was
rotated between two nozzles spraying surfactant solutions.’ These panels were then rinsed
and dried and the soil removal was determined gravimetrically. To analyse the detersive
capability of mechanical cleaning systems, such as floor washing machines and clean-in-place
systems, a method called bath-substrate-flow was developed.>*° In this case, the soil is not
statically immersed in the cleaning solution; instead, there is cyclic and continuous flow of
the cleaning solution over the glass beads covered in the soil. The soil used to coat the beads
was a mixture of oleic, palmitic and stearic acids and the acidity index of samples of the
washing bath was determined by acid-base titration to indicate soil removal. A schematic of

the system is given in figure 5.1.
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Figure 5.1: A schematic of the bath-substrate-flow system as detailed by Almeda. A peristaltic pump flows a
cleaning solution from a washing bath over soil-coated beads packed into a column. The soil removal is
measured by calculating the amount of fatty acids in the washing bath, using acid-base titration. 1°
Flow cells have been used to assess the cleaning efficacy of solutions on different polymer
coatings. The first example of this was a laminar flow cell where a detergent was flowed
between a top layer of glass and a bottom layer of soiled surface.® In the second case, a
radial flow cell was used, consisting of two parallel disks with a narrow spacing in between.
Cleaning fluid was pumped through the centre of one disk and flowed radially outwards
between a narrow gap in between the two disks. The shear stress at the surface decreases
from the centre to the edge of the disk so the test evaluated the wall shear stress required

for cleaning, Figure 5.2.°

LA | s

Figure 5.2: A schematic of the radial-flow cell reproduced from Detry et al.> where: A is the sample, B is the
radial-flow cell, C is the cleaning fluid tank, D is the pump, E is the glass container, ri is the inlet radius and h is

the disk spacing.

In 2014, Dunstan and Fletcher investigated the removal of triacylglyceride (TAG) films from
surfaces using a variety of surfactants.! TAG films are formed during food preparation and

are made difficult to remove due to the hydrolysis, oxidation and polymerisation reactions
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that occur during cooking at high temperatures. Their TAG removal test does not require
calibration against a known cleaning formulation and the TAG mixture is a ternary mixture of
vegetable oil, lard and vegetable shortening. The test involves the production of a thermally
TAG film which is immersed in a stirred surfactant solution. The soil removal over time is
measured quantitatively by mass loss, figure 5.3.

1. Glass

TAG = equal mass of Slide ~,

lard, vegetable oil and 1 hour _
vegetable shortening : @ 200 °C

heated at 40 °C for 30 TriAcylGlyceride

minutes (TAG) film
2.
Time Change in mass of
—nc__ i
slide measured to
Surfactant —L calculate removal of
solution TAG film
\ g ) < ./
Stirrer Bar

Figure 5.3: Removal of a TAG film by surfactant solutions as described by Dunstan and Flecther.1! 1) A TAG
mixture of 1/3 lard, 1/3 vegetable oil and 1/3 vegetable shortening is prepared by heating at 40 °C for 30
minutes with stirring. TAG is pipetted onto a glass slide and baked at 200 °C for one hour to from a tenacious
greasy soil film. 2) The soiled slide is placed in the surfactant solution of interest and the mass of the soil is

recorded over time to determine mass loss.

The tests described so far have been developed by scientists and engineers in academic
research labs. In industry, however, companies either use the standard test method, such as
an ASTM standard, or develop their own for specific purposes.'? A wet scrub abrasion test is
one such industry standard used to test the effectiveness of hard surface cleaner
formulations, figure 5.4. In the test, a mechanical arm passes a sponge soaked in the test
solution over a soiled surface a pre-set number of times, determined by calibration with a
standard reference cleaning solution. The surface is a ceramic tile coated in a model soil
mixture which aims to mimic the dirt that may be found on a typical dirty kitchen surface.
Carbon black aids quantification of the soil removed as the colour change caused by the
cleaning process. Initially, the soiled tile is black. With the application of a cleaning solution,
the soil, and therefore carbon black, is removed causing a decrease in the black colour until

full soil removal, where the tile is white.
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Figure 5.4: Schematic of the standard test method for measuring cleaning performance as detailed in ASTM.13
1) The preparation of a soil mixture mimicking that found in a kitchen, with addition of carbon black to aid
measurement of soil loss by colour change. 2) The model soil is applied a ceramic tile in an even layer using an
applicator. 3) The test solution is loaded onto a sponge which is moved across the surface of the soiled tile by a
mechanical arm. 4) The soil removal is measured by a colourimeter to compare the colour of the “’cleaned’ vs

‘soiled’ sections. Image of the washability tester reproduced from http://www.cftbv.nl/sheen-washability-

tester/, oils from https://www.enzymeinnovation.com/oils-fats/ and the model soil from

https://www.indiamart.com/.

This test was reproduced in our lab to assess its feasibility for use in an optimisation
experiment. Initially, 20 random solutions having different amounts of surfactant were
selected to check whether the test was calibrated correctly, i.e. the solutions varied within
the range 0 to 100% and did remove none or all of the soil. The same batch of 20

experiments was then repeated to check repetition accuracy.
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Figure 5.5: Mass of the model soil removed using the scrub abrasion test for 20 randomised test solutions
showing the variation in the results obtained between batches on different dates (given in the key). Full

removal is 100% and none removal is 0%.

The solution numbers are arbitrary, each is assigned to a combination of the surfactants LO
and BC at a specified concentration and pH. Therefore, the soil removal for each numbered
surfactant solution should be the same, within experimental error. Surprisingly, this is not
the case; a high degree of variability is observed. For example, experiment 16 was measured
on two occasions. Initially, it appeared to have excellent cleaning properties: 86.6% of the
soil was removed. However, when the same (fresh) solution was measured a month later,
the soil removal was much lower at 18.5%. The large differences in the results of this test are
likely to be related to the response of the soil mixture to fluctuations in atmospheric
humidity and temperature throughout the thermal treatment, storage and cleaning process.
It is possible that the soil itself does not form a uniform film across the surface of the tile
leading to the large standard deviation in the colour measurements measured across the
area of the tile. An explanation for the irregularity in the film may be the soil mixture not
being homogeneous as it is complex and contains multiple components, including some of
which are mixtures themselves. For example, one of the components is egg albumin, which is
made up of a variety of proteins and carbohydrates dissolved in water. Many months were
spent trying to identify the reasons behind this variability but without success, so this

industry test was abandoned.
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To extend the Bayesian optimisation technique to optimize soil removal, a different test
must be developed. Whilst industry require a test to assess the efficacy of formulations on a
soil that closely mimics one seen by consumers, the priority in this study is a reproducible

model soil.

5.2 Alternative Soil Removal Test

As the first soil removal test was not repeatable, the Fletcher and Dunstan method was
tried.!* There are a number of differences in comparison to the industry standard method.
First, the soil used was much simpler: a mix of lard, vegetable shortening or vegetable oil in
equal quantities. Second, the surface to which to soil was applied is a glass slide rather than a
ceramic tile. Third, the soil was removed from the surface by placing the soiled slide in a
stirred surfactant solution rather than a surfactant loaded sponge on a mechanical arm.
Finally, instead of measuring a colour change (as carbon black is not added to the soil), the
soil removal was quantified using the change in mass of the soil on the slide after removal

from the cleaning solution and drying in a vacuum desiccator.

The cleaning ability of an aqueous solution of 1% SDS was analysed using this method. In
accordance with results reported previously, a lag time of approximately 30 minutes was
observed before any mass was lost which was due to the time required for the surfactant to
penetrate the surface of the TAG film. Following this delay, mass loss occurred as TAG was

removed from the slides.

To test the repeatability of Fletcher and Dunstan’s method, a preliminary test using 1% SDS
solution as the cleaning bath was performed on three different days. From figure 5.6, it can
be seen that the final values are comparable: mean mass loss over 24 hours was 11.20 +
0.95%. This is an improvement on variation in the industry standard test which was on

average greater than 30%.
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Figure 5.6: Mass of model soil (TAG film) removed from the surface of a glass slide, using the method detailed
in Dunstan and Flectcher,!! with time by an aqueous solution of SDS (1 w/w%) and a commercial cleaner,

Micro-90 (1 w/w%).

As this method is more reproducible, a commercially formulated cleaning product, Micro-90,
was tested to see if the method could differentiate between cleaners having different soil
removal powers. 31.9% of the film by mass was removed by the commercial cleaner over 24
hours. One source of error identified in the test was in the mass loss calculation due to the
repetition of the slide removal and drying process. To minimise this, one time point was
selected and therefore, subsequent tests were run for 24 hours and the soil removal only

measured at that point.

In order to use the TAG removal test to optimise a mixture of surfactants, the measurements
need to be both reproducible and repeatable. To obtain repeats of each experiment in the
same conditions, the test was run in batches by increasing the number of slides placed in the
surfactant solution. As the impact of altering the test in this way was unknown, an

investigation into factors affecting the loss of film was performed.
5.3 Soil removal test development

To improve Dunstan and Fletcher’s soil removal test for use in this project, the following
factors were investigated: slide position, stirring rate, how the soil removal is quantified and
the addition of drying oils and additives to the model soil mixture. The majority of the
method was the same as described in Dunstan and Fletcher’s paper, full details of the

method are given in section 2.3.
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The ternary solution of 0.012% LO, 0.003% BC and 0.103% DG, with a pH adjusted to 9, was
selected for the test optimisation experiments due to its low surface tension of 28.08 mN m’
!, This solution was used as it was predicted to have good cleaning properties because low

surface tension indicates high surface activity, aiding the removal of soil from a surface.

5.3.1 Slide Position
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Figure 5.7: a) Four positions of model soil (TAG) coated glass slides in the solution with relation to the stirrer
bar and b) is the mass of soil removed in each position: 1) TAG film facing towards the centre of the vessel 2)
TAG film facing away from the direction of stirring 3) TAG film facing towards the direction of stirring 4) TAG

film facing outwards.

To discover whether the positioning of the soil on the 3 slides in the cleaning vessel has an
impact on soil removal, four positions, where the slides are equidistant from each other,
were examined. The direction of flow across the surface of the substrate is different in each
position and therefore it was hypothesised that the mass of TAG film removal in each case
could differ. Surprisingly, the difference in mean mass loss was actually very small: 3.7%. The

lowest mass loss was seen in position 2, 22%, when the slides were facing away from the
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direction of stirring whilst the highest mass loss was seen in position 4, 26%, where the films
were facing towards the outside of the vessel. As observed in figure 5.7, the variability in the
data shown by overlapping error bars indicates the difference in soil removal between all

four positions is minimal, in fact within the limits of variability.

For all further tests, the slides were placed facing into the beaker, position 1. This choice was
made for two reasons. Firstly, for practicality, there is less chance of damaging the films on
the slides whilst placing the slides in this position as there is less chance of collision with the
sides of the beaker or the other slides. Secondly, the standard deviation for this position is

much lower which could indicate less variability.

5.3.2 Stirring Rate
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Figure 5.8: The mass loss of TAG from the surface of a glass slide immersed in an aqueous solution of 0.012%
LO, 0.003% BC and 0.103% DG, with a pH was adjusted to 9, with increasing rate of rotation of the magnetic

stirrer bar placed within the washing bath.

In the Fletcher and Dunstan test, the stirring rate is not specified. To determine whether the
amount of agitation affects soil removal, four spin speeds were examined, from 300 rpm, the
lowest speed required to get mixing of the full volume of solution to 600 rpm where a vortex
is observed. Figure 5.8 clearly shows more TAG film is removed from the surface of the
substrate as the stirring rate was increased. As the velocity of the liquid increases, the
effective shear rate on the TAG film increases causing the TAG film to be more easily
detached. For all experiments, a stirring rate of 500 rpm selected. Above this speed, there is
no statistical increase in mass loss and a large vortex in the solution is observed at 600 rpm

(which is not present at 500 rpm).
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5.3.3 Measuring Film Area for Soil Removal

An alternative method to determine soil removal was considered by measuring the change in
film area, rather than mass, was considered. The area of the film removed was calculated by
taking photographs of the films before and after being placed in surfactant solution, Figure
2.12. The film removal from the two techniques was compared using solutions from across

the surface tension range, figure 5.9.
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Figure 5.9: Comparison of the measurement of loss of TAG film applied to a glass slide for surfactant solutions

with increasing surface tension as determined by mass loss (purple) versus area loss (blue).

As predicted, less film was removed from substrates placed in solutions with higher surface
tension. There is much less variability in the results from tests with low film removal. For
example, there is a large variability in the soil removal from the solution with a surface
tension of 29 mN m™ which was 27.7 + 13.1% by area loss vs 42.7 + 10.1% by mass loss. As
more film is removed, the solutions change colour from colourless to clear. In addition to
TAG being solubilised, flakes of TAG film, large enough to be seen by the naked eye, were
observed in the surfactant solutions of surface tension below 30 mN m™ corresponding with

the greatest film removal ability, figure 5.10.
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Figure 5.10: Area loss with decreasing surface tension with images taken by an iPhone. The top row of images
show a side on view of beakers containing the supernatant from the washing of 3 TAG soiled slides placed in a
beaker, stirred at 500 rpm. The bottom row of images show the top down view of a petri dish containing a

small quantity of the supernatant. Note the flakes in the two solutions with greatest soil removal.

This study has been unable to demonstrate a clear benefit of using area change over mass
loss to measure soil removal. However, it highlighted the drastic increase in soil removal
occurring in some solutions where TAG flakes were observed indicating the film breaking off
in fragments. To minimise this problem, an investigation of the components of the film to
improve film properties was performed whilst collecting both mass and area change data for

comparison.

5.3.4 Altering Film Components

As previously discussed, the removal of the TAG film in chunks increases the inconsistency of
the test. One possible reason for removal of film flakes could be uneven auto-oxidative
crosslinking of the unsaturated chains in the triglycerides. Auto-oxidative crosslinking occurs
in unsaturated fatty acids when oxygen, from the air, reacts with the C-H next to a double
bond to form a hydroperoxide group which can further react with other fatty acid chains to
form crosslinks. If, during thermal treatment of the films, the crosslinking was uneven
throughout the film, the result would be a final film with some areas more susceptible to

detachment by surfactant penetration and solution flow than others.
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Two methods commonly used in coatings and paint technologies to form uniform

surfaces!*1°

were considered to improve the homogeneity of the TAG films. First, the
addition of a metal drier to the TAG mixture to provoke acceleration of reactions involved in
oxidation.'® Secondly, replacing the vegetable oil, a semi-drying oil, with a drying oil. A
drying oil contains a higher number of double bonds, which auto-oxidise in air causing film

hardening.’®

5.3.4.1 Driers

Driers are metal salts soluble in organic acids (i.e. fatty acids). The drier used was cobalt 2-
ethylhexanoate, which is an active drier so can occur in multiple oxidation states and can
undergo redox reactions and therefore, aid catalysis of reactions that occur in the
autoxidation process, including peroxide decomposition.t” Cobalt driers have been shown to
provoke the acceleration of all reactions involved in oxidation and the formation of a surface
solid film.1* An additional benefit of cobalt driers is they can be used with both drying and

semi - drying oils.

To dissolve the drier to the TAG mixture, it was first heated to its molten state and
subsequently, a cobalt 2-ethylhexanoate drier, 0.1%, by mass, was added, as previous work
by Mallégol et al. showed drier loadings of 0.1% were enough to catalyse the auto-oxidation
reaction in air.X* Once dissolved, films of the mixture were prepared before thermal
treatment at 200 °C. As can be seen in figure 5.11, with the addition of cobalt drier, the

resulting film was brown whereas the original was yellow.
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Figure 5.11: The TAG soils prepared under 3 different conditions: without drier and baked for 1 hour at 200 °C,
with 0.1% cobalt 2-ethylhexanoate drier at 100 °C and 200 °C. The images on the left were taken after baking
and before placing in the surfactant solution. The images on the right were taken after placing in a stirred

surfactant solution (0.012% LO, 0.003% BC and 0.103% DG, with a pH was adjusted to 9) for 24 hours.

To investigate the effect of differing thermal treatment on the ease of film removal, films
were prepared and subsequently heated for one hour at 100 and 200 °C, figure 5.11. Two
problems were found with the resulting films. Firstly, at both temperature the films were not
uniform. One possible explanation for this could be that the addition of the cobalt drier
caused an increased speed of film drying leading to the dewetting from the surface. The
second problem observed was the high resistance to removal of the film baked at 200 °C for
1 hour; only 20% was removed. In previous study by Dunstan and Fletcher,'! with heating
over longer timescales at lower temperatures, their TAG mixture (without drier) showed a
reduction in unsaturation, indicating autoxidation had taken place. Therefore, to target
slower film drying, another film was prepared with 0.1% drier and dried at 20 °C with a
longer baking time of 2 hours. However, when drier was added to the TAG mixture,
autoxidation did not take place at low temperatures, shown by a high level of soil removal,
57.05% by mass. Taken in combination, these results show that the addition of drier was not
beneficial as the resulting films dry even less uniformly than without drier and are harder to

remove.
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Figure 5.12: The mass and area loss of the TAG film, with addition of drier, baked at different temperatures in

comparison with the TAG prepared without any drier and baked at 200 °C.
5.3.4.2 Drying Oils

The next section of the study concerns the use of drying oils to improve film uniformity. A
drying oil contains a high proportion of double bonds which auto-oxidize in air causing film
hardening. In the original TAG soil mixture, the oil used is rapeseed (canola) oil, labelled
vegetable oil, which is a semi-drying oil. Semi-drying oils partially harden when exposed to
air. A comparison between the chain lengths and unsaturation in the fatty acids of rapeseed
oil and linseed oil, one commonly used example of a drying oil, is made in table 5.1. It can be
seen that in linseed oil there is more unsaturation with the major fatty acids being linoleic
and linolenic which have C18 chains with 2 or 3 double bonds, respectively. Contrastingly, in

rapeseed oil the main component is oleic acid with only one double bond in the C18 chain.

Table 5.1: The difference in fatty composition between linseed oil and rapeseed oil, where C is the number is

carbons in relation to D, the number of double bonds.18

Acid Type g Linseed Oil Rapeseed Oil

Content/ % Content / %
Palmitic 16:0 5.1 4.3
Stearic 18:0 4.3 2.0
Arachidic 20:0 0.1 0.8
Behenic 22:0 - 0.4
Oleic 18:1 15.8 62.5
Linoleic 18:2 16.5 19.6
Linolenic 18:3 58.3 10

To see whether the increased unsaturation leading to film hardness will improve the
homogeneity of the film, the vegetable oil (rapeseed) in the TAG mixture was replaced with

linseed oil, at the same weight percent (33.3%). Figure 5.13 shows a number of differences in
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images of the films after baking at a range of temperatures, room temperature, 100 and 200
°C. There is a difference in the yellow colour within the same sample and between samples
due to differences in thickness of the film and the colour change to darker yellow that occurs
during the autooxidation reaction. First, the film dried at room temperature for 72 hours
(Figure 5.13 b)) did not show the colour change to a darker yellow indicative of the
autoxidation reactions occurring upon drying and was gel-like in consistency. This indicated
incomplete drying and hence, this sample was not used in the subsequent cleaning test.
Secondly, the film dried at 100 °C appeared to dewet leading to reduction in film area and
there was no darkening of the films which may suggest the double bonds in the film were
unreacted. Finally, as observed in figure 5.13, the film dried at 200 °C did show the desired

characteristic colour change without any apparent dewetting.

: € 1 - |
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Figure 5.13: The effect of replacing vegetable oil with linseed oil, a drying oil, on the baking of the TAG sail,
under different baking conditions. A) The control with a TAG soil of 33.3% vegetable oil, 33.3% vegetable
shortening and 33.3% lard baked at 200 °C for 1 hour, B) the 33.3% vegetable oil was replaced with linseed oil
and cured at room temperature for 72 hours, C) the 33.3% vegetable oil was replaced with linseed oil and
baked at 100 °C for 1 hour, D) the 33.3% vegetable oil was replaced with linseed oil and baked at 200 °C for 1

hour. Images taken with an iPhone.

To compare the soil removal at the 100 °C and 200 °C, the thermally treated TAG films were
analysed using the test described previously (using a surfactant mixture of: 0.012% LO,
0.003% BC and 0.103% DG adjusted to pH 9). As can be seen in the figure 5.14, the TAG film
on the slide baked at 100 °C was almost entirely removed, 96.3% loss by mass, supporting
the theory that the double bond in the chains were unreacted. In contrast, there was

minimal film removal from the slide treated at 200 °C: 2.34% by mass and 3.72% by area.
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Figure 5.14: The mass and area loss of the TAG film, with replacement of vegetable oil with linseed oil, a drying
oil, baked at 100 °C and 200 °C for 1 hour, in comparison with the original TAG film containing vegetable oil

prepared and baked at 200 °C for 1 hour.

These results were supported by observations of the surfactant solutions (supernatant) after
the 24-hour soil removal test had been performed and the slides were removed. In the
sample treated at 100 °C, there were white particles and oil droplets observed in the solution
highlighted in the magnified image in figure 5.15 D). The presence of non-dried oil in the
washing solution may be due to skinning which is caused by the upper surface of a film
drying without the drying extending through the film below. In comparison, the cleaning
solution of the sample containing linseed oil baked at 200 °C, is colourless which further

indicates that no film was removed.
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Figure 5.15: Final appearance of the surfactant solutions after they were used in the soil removal tests where

A) was the original TAG mixture containing 33.3% vegetable oil, 33.3% vegetable shortening and 33.3% lard
baked at 200 °C for 1 hour, B) was a TAG mixture where the 33.3% vegetable oil was replaced with linseed oil
and baked at 100 °C for 1 hour, C) was a TAG mixture where the 33.3% vegetable oil was replaced with linseed
oil and baked at 200 °C and D) is a magnified section of image B showing the presence of oil droplets and white

particles.

To identify the optimal amount of linseed oil to add to the TAG mixture, the vegetable oil
fraction of the soil, 33.3% of the mixture, was replaced with various ratios of linseed oil. The
ratio of linseed to the total vegetable oil content was defined as @iin = [linseed oil]/([linseed
oil] + [rapeseed 0il]) and the ratios investigated were: @iin=0, Qiin=0.25, and @in=0.5. Figure
5.16 compares the experimental data for the soil removal using soils prepared with addition
of various proportions of linseed oil. As the quantity of rapeseed oil in the soil is increased, a
greater mass of soil is removed during the cleaning test. Interestingly, there is little loss of
area, in comparison to mass loss, in the samples with rapeseed oil added which suggests that
the mass is lost from the full area of the film. In addition, the flakes of film seen previously
were not observed in the surfactant solution post-test indicating homogeneous crosslinking
across the film and a reduction in film lift-off by surfactant solution. @i, = 0.25 was chosen for
subsequent experiments as it had the highest mass loss and lowest area loss, and there were

no white flakes or oil droplets observed in the supernatant.
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Figure 5.16: The removal of a TAG films, with varying amounts of linseed and rapeseed oil, in a surfactant

solution (0.012% LO, 0.003% BC and 0.103% DG, with a pH was adjusted to 9) by mass and area.

To investigate whether the addition of linseed oil has slowed down the removal process, the
removal of the TAG mixture of @iin=0.25, was studied over time. The slides were placed in a
surfactant solution and removed at regular intervals, subsequently dried in a desiccator, and
the mass and area change measured. Figure 5.16 shows the loss of area was gradual showing
an approximately linear trend: linear regression gave an R?value of 0.987. The rate of mass

loss was greater over the first 24 - 48 hours, then became more gradual.
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Figure 5.16: The removal of a TAG film of @i, = 0.25, in a surfactant solution (0.012% LO, 0.003% BC and 0.103%

DG, with a pH was adjusted to 9) over 120 hours.
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5.3.5 Control Experiment

The TAG removal by deionised water adjusted to various pH levels was studied as a control
experiment. The unadjusted deionised water, used for previous studies, had a slightly acidic
pH, 5.3, indicating absorption of atmospheric carbon dioxide and showed very low soil
removal, 0.47%. Deionised water was adjusted to a range of pH’s by addition of hydrochloric
acid or sodium hydroxide and these solutions were used in the TAG removal test using the

TAG soil with @jin=0.25.
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Figure 5.17: pH dependence of TAG film removal in deionised water

For the solutions up to pH 10, no or very little TAG film was removed. In contrast, 20% of the
TAG film was removed in a ‘cleaning solution’ of deionised water pH adjusted to pH 11 with
sodium hydroxide. Ali et al. observed fast soil removal for a baked lard soil with application
of deionised water at pH 11 and suggested the cause may be the presence of hydroxyl ions
weakening the electrostatic interactions between the soil and substrate.?®?° An alternative
explanation for this may be the triglyceride saponification. During the saponification of the
triglycerides in the TAG soil, glycerol and fatty acid salts are formed in an autocatalysed
reaction. The fatty acid salts can catalyse the reaction as well as creating a larger interfacial
area between the TAG and the sodium hydroxide; initially, the TAG is not readily miscible
with the alkaline water, however, as the fatty acids salt are formed, they can stabilise the
formation of oil in water emulsions. There is further evidence of saponification from the
observation of white solid flakes in the washing solution as the saponification of high oleic
sunflower oil by sodium hydroxide has previously been shown to result in white solid soap

formation.?
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5.3.5 Summary of final method

In summary, the impact of four factors on the removal of soil were investigated: stirring
speed, position of slides in the washing vessel, area loss calculations and alterations to the
model TAG soil mixture. In order to create the most homogeneous, uniform TAG films, the
following adaptations were made to the test detailed by Dunstan and Fletcher. In order to
run in batches of three instead of one slide per stirring bath, slides were placed facing
inwards, equidistant from each other, for ease of preparation as there was little difference in
mass loss between the different slide positions investigated. The stirring rate was fixed at
500 rpm, as this ensured complete mixing of the solution without creation of a vortex.
Although the area loss calculation investigated, it proved time-consuming without providing
additional information and therefore, mass loss was used subsequently. Linseed oil was
added to the triglyceride mixture in the ratio @i, = 0.25 so that final mixture was: 33.3% lard,
33.3% vegetable shortening, 25% vegetable oil and 8.3% linseed oil. This TAG mixture was
pipetted onto glass slides and baked at 200 °C for 1 hour. The aim was to find a method to
measure soil remove with a lower variability in the results than the industry standard test,
which was greater than 30%. This was achieved, with the variability in the results of this test
were all below 5%. For example, the surfactant solution used for method development, with
0.012% LO, 0.003% BC and 0.103% DG and pH adjusted to 9, had a mass loss of

12.39 £ 3.56 %.

5.4 Bayesian Optimisation with respect to soil removal

As the adapted test is repeatable with low variability, the Bayesian Optimisation method is
now used to find the maximum mass removal for a ternary mixture of surfactants. The initial
step in the process was to perform a random experimental design to generate 20
experiments, with boundary conditions of: total surfactant concentration limited to 5% and
pH ranging between 2-11. The higher limit of surfactant concentration was raised, in relation
to the surface tension optimisation, as surfactant concentration verses soil removal studies,
discussed in section 6.3, showed that soil removal did not plateau before 2 w/w%. In figure
5.18, the experiments selected, and the soil removal results can be seen. There are clusters
of experiments at pH 11 with high soil removal. In addition, high soil removal is observed
with low concentrations of BC (green dots), this indicates that BC has no effect or a

detrimental effect on soil removal. At pH 11, the cationic surfactant BC could be protonated,
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decreasing the hydrophilicity of its headgroup, decreasing the likelihood of the surfactant

positioning on the surface or the soil.
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Figure 5.18: Experiments performed in a Bayesian optimisation of an aqueous ternary mixture of LO, BC and
DG, with regards to mass of the TAG soil removed. The boundary conditions were: 0-5 w/w% of each
surfactant, 95-100 w/w% water and pH 2-11. Each point represents a single experiment, of which there were
40. The concentration of the surfactants is given in units normalised to their CMC concentration, as an
indication of surfactant synergism. In the graph of pH vs mass of TAG removed, there in trend of increasing
mass loss with increasing (more alkaline) pH. concentration, there are points clustered at low concentration

indicating convergence of the optimisation.

In contrast to the previous application of Bayesian optimisation in chapter 4, in which the
surface tension was minimised, this application aims to identify the maximum value with
regards to soil removal. The iterative process is the same. After the first batch of 20

experiments were measured, the algorithm suggested batches of 5 more experiments that
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are either predicted to remove more soil than previously or are in regions of the formulation
space where there is a lack of data points leading to higher uncertainty. The soil removal was
measured for these 5 experiments and the process was repeated until the Bayesian
Optimisation experiments were no longer predicted to be lower than those previously
measured. Figure 5.19 shows that the soil removal by mass loss for each surfactant solution
measured over the course of the optimisation, highlighting the highest mass loss at each
iteration. It can be seen that the soil removal during the 32" experiment was high, 95.7%,
and the value could not be improved upon in the following experiments. The optimisation
required fewer experiments than would be expected by other methods, such an
experimental design for five parameters by full-factorial which would require 52 experiments

or Box-Behnken which would require 46.%
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Figure 5.19: Improvements in mass of TAG film removed through the optimisation process of an aqueous
ternary mixtures of LO, BC and DG, pH from 2 to 11. The highest TAG removal at each iteration is shown by the
dark green line and the mass of TAG removed at that iteration is shown by a light green circle. No further

improvement was seen after 32 experiments indicating the optimum had been identified.

By following the changes to the concentration of each surfactant in the selected mixtures, a
number of interesting trends can be identified. After the initial batch of experiments, BC was
either absent or included in very small amounts. This is an indication that BC does not have
much effect in the soil removal process. The reason BC is added to cleaning formulations is
because of its antimicrobial properties and not for its cleaning efficacy. Table 5.2 shows the
surfactant compositions of the two best performing surfactant solutions. Both did not

contain BC.
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Table 5.2: The two best performing solutions, with regards to maximising the removal of TAG soil from a glass

slide, as determined by a Bayesian Optimisation for a ternary mixture of 3 surfactants: LO, BC and DG within

the pH range 2 to 11.

LO BC DG Water
. . . . Mean Mass
Concentration Concentration Concentration Concentration pH Loss / %
(/emc) (/emc) (/cme) (w/w%) :
973.6 0 45.07 97.91 11 93.23+1.25
1638 0 1.518 97.52 11 95.73+2.36

The two ternary mixtures in the above table contain LO and DG concentrations that are
much higher than the CMCs of the individual surfactants. As the CMC is the concentration
above which micelles occur, this indicates that, in addition to the presence of micelles,
another factor must be important in soil removal. Additionally, there is a synergistic effect
with regards to soil removal; it is beneficial to mix the two surfactants as they have a higher
soil removing power than either alone (soil removal by each surfactant alone is discussed in
section 6.3). These results are consistent with earlier studies of surfactant synergism in
detergency.?*% Garcia Martin et al. observed the synergistic effect of adding
alkylpolyglucosides to amine oxide surfactants resulted in improved the wetting properties
towards hydrophobic surfaces, which would contribute to soil removal.? This study found
that in the top two optimised surfactant solutions of the ternary mixture, both have a pH of
11, which is consistent with the literature.?* At pH 11, the amine oxide group of the LO is

likely to be negatively charged and could behave like an anionic surfactant.

There is evidence that surface tension may correlate with soil removal. In the previous
chapter, CMC lowering was observed to be promoted in mixture of LO and DG at neutral to
alkaline pH, and the same trend is observed for the optimisation with regards to soil
removal. If the surfactant mixture behaves synergistically and reduces surface tension more
effectively, there will be increased wetting of the soil and surface and potentially a greater
reduction in interfacial tension. As surfactant adsorbs to the TAG soil and the surface, there
is a reduction in the interfacial tension which aid any of the mechanisms of soil removal

previously suggested i.e. roll-up, emulsification and solubilisation.

In this optimisation, the concentration of surfactant was limited to between 0 and 5% with
the expectation that the optimum solution would have a surfactant concentration close to
the upper limit (if more surfactant means greater surfactancy). However, there is an

optimum in surfactant concentration. The two surfactant solutions which removed the
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largest amounts of TAG contained 2.09% and 2.48% surfactant. This results implies that, in
this system, higher surfactant concentrations above hinder soil removal which may be due to

a phase change; to determine this, further work to obtain the phase diagram is required.

5.5 Conclusions

The main goal of this research was to apply the Bayesian Optimisation methodology to
determine the optimal cleaning formulation, with regard to soil removal, from a ternary
mixture of surfactants. In order to determine the optimal ternary system, a method of
removing TAG was altered and optimized with respect to the soil composition, soil removal
procedure, and soil removal analysis. From these changes, a repeatable method was
developed that could then be used to optimize the system. Addition of linseed oil to the
model soil mixture greatly improved the drying behaviour of the final film. The soil removal
was measured by mass and area loss; area loss calculations proved too time-consuming
without providing additional information and therefore, mass loss was used subsequently.
Soil removal was measured in batches by increasing the number of slides in the cleaning

vessels from 1 to 3.

Once a repeatable method had been developed, Bayesian optimisation was performed to
find the ternary surfactant solution with the ability to remove the greatest mass of TAG soil.
The optimisation found surfactant solutions with remarkable cleaning efficacy; they were
able to remove >90% of the TAG film. This was an increase from 50% at the beginning of the
experiment and much greater than alkaline water which removed 20%, in addition, a
reduced number of experiments was required for the optimisation in comparison to DOE
methods. One limitation of Bayesian Optimisation is, due to its inherent black-box nature,
there is a lack of ability to provide insight into the mechanism of soil removal by the
surfactant system. Hence, further study is required to investigate the behaviour of the

surfactants causing this optimal solution.
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6. Mechanism of Soil Removal

This chapter is concerned with methods used to gain some understanding about the
mechanisms by which the triacyl glyceride (TAG) soil, discussed in chapter 5, is removed
from hard surfaces, by the surfactants. The focus is on the surfactants and surfactant

systems optimised in earlier chapters, namely, LO, BC, DG.

A number of analytical techniques have been used previously to study surfactant detergency
of soiled surfaces.! The organization of surfactants on the surface or thin film of interest can
be quantified by neutron reflectometry, 22 or ellipsometry*”. The topography of the soiled
surface or the change in force in the presence of aqueous surfactant has been investigated
by atomic force microscopy.®® Differential scanning calorimetry (DSC) provides information
about the thermal properties of the residues that remain on surfaces after cleaning,
indicating the occurrence of changes in composition.X® Analysis of the soil removed, present
in the cleaning bath, has been studied by microscopy!!, HPLC!2 and UV-vis spectrometry.!?
Microfluidics has been used to study oil detachment by a surfactant solution, by imaging an
oil droplet in a laminar flow cell.}* A quartz-crystal microbalance measures the changes in
the mass on a surface in real time, which has been applied to study the surfactant-aided
removal of oil from surfaces.’** The benefits of this method include the ability to study soil
removal in real-time, the variety of choice in surface substrates, including the ability to coat

the substrate with a film of interest.

For this project, the following techniques were used to study different parameters in the
process of soil removal. The oil-surfactant-surface interface has been visualized using
microscopy. The properties of the TAG soil before and after cleaning was analysed by DSC,
where changes in the melting temperatures of the films would indicate the film composition
has changed during cleaning . A comparison was made between each surfactant’s efficiency,
measured by surface tension, and soil removal efficacy determined by mass loss on the
laboratory scale using the test adapted in chapter 5. Real-time analysis of the soil removal
process was investigated using a quartz crystal microbalance and dissonance (QCM-D) with

analysis of the washing solution by dynamic light scattering (DLS).
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6.1 Microscopy Investigation of Removal

With confocal microscopy, or laser scanning confocal microscopy (LCSM), it is possible to
view processes occurring in samples in 3D, from combinations of a series of optical slices.®
In addition, higher resolution than wide-field microscopy is achieved due to the ability to
remove out-of-focus light. A light beam fired at a pinhole, which blocks out-of-focus light,
limiting the depth of focus, so imaging of layers of the sample can be performed. Confocal

microscopy can be used to image the soil removal process directly, in real time.

Confocal microscopy has been used previously in the visualisation of detergency, specifically
to investigate the mechanism of washing clothes. A procedure was developed whereby
fibres were immersed in three model soils: oil, lard and a triglyceride (glyceryl tridecanoate)
labelled with a fluorescent probe, Nile Red, and a mixture of surfactants and lipases were
pumped over the fibres.!® The removal of the three soils was dependent on their melting
points; olive oil is liquid at room temperature and was completely removed by a roll-up
mechanism whereas only partial removal of the lard and triglyceride was observed so an

emulsification-solubilisation mechanism was suggested.

Oil Surfactant
(a) solution (b) surfactant

solution

A

/—\—

Coverslip

Glass Slide

Figure 6.1: Schematic of the confocal microscopy experiment. a) a drop of oil labelled with nile red (red) and a
surfactant solution (grey) are pipetted onto a glass slide. B) a diagram of the images taken by the confocal

microsope of the interface where the oil(red) and the surfactant solution (blue).

In this project, LSCM was applied to study the removal of oil from a hard surface, shown
schematically in figure 6.1. One of the components of the TAG soil was selected initially,
rapeseed/canola oil, as it was liquid at room temperature, facilitating dye solubilisation.
First, 100 pL of the surfactant solution was pipetted onto a slide, followed by 100 pL of oil
containing 0.1 mg ml™ Nile Red dye, with a space between the two drops. A coverslip was

then placed on top to force the two immiscible liquids to meet. Dental wax was used to seal
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the coverslip, and a grid of images across the coverslip was taken every 5 minutes for 5
hours. The resulting images showed no movement at the interface, figure 6.2. Therefore,
under these conditions and over a timescale of five hours, no vegetable oil is removed from
the surface of the glass slide. For soil removal to occur some kind of mechanical action
would be required to disrupt the surface due to the high viscosity of the oil, the lack of
solubility of the rapeseed oil in the surfactant solution and the high interfacial tension
between the oil and aqueous surfactant solution relative to that between the glass surface
and the oil. However, there were some droplets formed from the action of applying the
coverslip to the slide which were stable throughout the five hours. The stability of this
droplet in an aqueous dispersion suggests the surfactant solution coated the surface of the
oil and droplet. Therefore, the SDS has a role in the mechanism by preventing redeposition

after the removal of a soil has taken place.

Methyl
Oleate

Vegetable
(rapeseed) Qil

Oleic Acid

Time/s | 0 2 5 7 10 20

Figure 6.2: Confocal microscopy of the interface between an aqueous surfactant solution (1 w/w% SDS) and
oils: vegetable oil, methyl oleate and oleic acid, dyed with 0.1 mg ml-! Nile Red. a-b) Vegetable oil is shown in
white and the surfactant solution in dark grey. The droplets formed by external force (on application of a glass
cover slip were shown to be stable over the imaging time (5 hours). c-d) Methyl oleate (red) at the start (c) and
after contact (d) with a 1 w/w% SDS solution. The methyl oleate is spread over the surface of the glass. e-j)
Images were selected at different time points (below each image) to show how the interfaces between the
oleic acid/surfactant solution/slide changed. The contact line of the surfactant solution across the surface of

the oil shows how the oleic acid (red) dewet from the surface of the glass slide.

This experiment was repeated with oleic acid which is a major constituent of vegetable oil
(62.5%) but has a lower viscosity, 29.0 mPa-s at 23.9 °C (the viscosity of canola oil at 23.9 °C
is 78.8 mPa-s).2%% Oleic acid appears to dewet from the surface of the slide when forced into
contact with the 1 w/w% SDS solution. The dewetting may indicate an increase in the

interfacial tension between the surface and the oil similar to the “roll up” mechanism.
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Mixtures of SDS and oleic acid have been previously shown to undergo spontaneous
emulsification.?? In addition, oleic acid is itself surface active and its HLB is one, supporting
the formation of water-in-oil emulsions rather than oil in water emulsions. Oleic acid may
diffuse into the aqueous phase in a mixed SDS-oleic acid micelle.?® Alternatively, oleic acid in
its ionised form can act as surfactant. Therefore, if the surfactant co-ions covert the outer
layer of the oleic acid to a charged acid group which repels the surface facilitating its
removal. To investigate this theory, methyl oleate was used in the same experiment as it
cannot form the ionised form. Methyl oleate was not removed from the surface as shown in
table 6.1. Instead, the surfactant solution spread the oil over the surface of the glass slide
confirming the ionisation hypothesis above. In this case, the surfactant does not cause any
change in the interfacial tension between the oil and surface. As the oil does not appear to
be change visually, during the timescale of the experiment, this indicates that the methyl
oleate is not solubilised. This is similar to visualization of vegetable oil; therefore, their

mechanisms of removal may be the comparable.

Table 6.1: Summary of oils studied by confocal microscopy and the imaging result for the interface between an

aqueous surfactant solution and oils: vegetable oil, oleic acid and methyl oleate.2°

Oil Type Chemical Composition Molecular Imaging Result
Weight / g mol?
Rapeseed Mixture of fatty acids: - Interface unchanged
oil mostly oleic (62.5%) and linoleic Particles stabilised
(19.6%)
Oleic i 282.5 Fast dewetting from
Acid MOH the surface
L Speed of leading edge:
o 3.58 ms™
Methyl i 296.5 Surfactant solution
Oleate caH|,F\/MO/ passes over oil layer

The combination of these results suggests that mechanical action is required in addition to
detergency to remove these oils and fatty acids from surfaces (within the 5 hour timescale
of study). To investigate the addition of mechanical action to the application of a surfactant
solution to an oily soil, the use of bar spreader microscopy was attempted.?* The passing of a
bar over the surface of the surfactant-oil solution is an analogy, if oversimplified, to the
abrasive force of cleaning a substrate. The “bar” was a razor blade, which has a lower
surface roughness than typical cleaning implements, e.g. paper, sponges or scourers, and

therefore, applied a lower abrasive force on the soil’s surface.
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The bar-coater was positioned within a microscope equipped with a 10x objective (as shown
in figure 2.9 in section 2.2.7.2). Vegetable oil and oleic acid, dyed with 0.1 mg ml Nile Red,
were drawn across the surface using a blade 50 um above the surface to create a film. Image
acquisition by a microscope positioned above the slide was started prior to a 1 w/w% SDS
solution being pulled across the surface using the bar-coater. Images were collected for 30

seconds with a frame rate of 20 frames per second (fps).

Figure 6.3: Bar-spreader microscopy of the interface between an aqueous surfactant solution (1 w/w% SDS)
and oils: vegetable oil and oleic acid, dyed with 0.1 mg ml-! Nile Red. The bar moved the surfactant solution
from left to right in each image. Images were selected at different time points (below each image) to show
how the interfaces between the oil/surfactant solution/slide changed. The contact line of the surfactant
solution across the surface of the oil (red arrow) shows how the SDS solution moved across the surface of

vegetable oil whereas the oleic acid (white in bottom row of images) dewet from the surface of the glass slide.

Oil Type Images from video with time from bar spreading

Vegetable
oil

The bar-spreader microscopy images in figure 6.3 show a vast contrast between the oleic
acid and vegetable oil. In the vegetable oil sample, the bar spreader moves the surfactant
solution across the surface of the oil and the contact line (highlighted by the red arrow) was
observed to move across the length of the surface (from left to right). However, visual
observation of the slide at the end of the experiment showed no removal of the oil. The
fluorescence intensity is decreased throughout the frames due to the spreading of the oil
across the surface. Even with the addition of the force from the movement of the blade, oil
is not removed from the surface. In the oleic acid sample, the fatty acid dewets from the
surface within a second of contact with the SDS solution. The end result being droplets on
the surface of the slide which would be caused by a reduction in interfacial tension due to

the behaviour of oleic acid mentioned previously. Although the final images shown in table
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6.2 were taken 6 seconds after movement of the surfactant solution, images were collected

for 2 minutes and no further changes were observed after that time, figure 6.3.

Both microscopy methods, LCSM and bar spreader, were unable to visualize the removal
process of vegetable oil from a surface in real-time. The reason for this may be the high
interfacial tension between the oil and our glass substrates. However, it was observed by
LCSM that once oil droplets are formed by external forces, they were stabilized by the
presence of surfactant, which prevents their redeposition on the surface of the remaining oil

or the substrate, figure 6.2.

Figure 6.4 suggests how the process of the removal of vegetable oil with the addition of
surfactant and a method of abrasion may occur. These avenues of investigation using
microscopy with and without “scrubbing” were subsequently abandoned as it seemed
unlikely to be able to deal with the tenacious soils that were of primary interest. The TAG
soil contains a mixture of fats which are chemically crosslinked during the baking process,

making them adhere even more strongly to the glass surface.

Surfactant monomer
depleted -’t~ &%

Scrubbing
P—
Soil on . Monomer reservoir
a surface ~ repopulated by
v ﬁq . . .
oil droplets P \ dissolution of micelles
formed ‘)

‘ ‘ Surfactant monomer
Oil droplet not deposited stabilises oil droplets
on surface or oil in solution

Figure 6.4: The removal of a viscous soil, e.g. vegetable oil, from the surface of a glass slide requires
mechanical action to disrupt the surface of the soil and form droplets of oil. The oil droplets are stabilized by
surfactant monomer present in the cleaning solution which prevents redeposition of the oil on the soil surface.
The surfactant from the monomer reservoir is repopulated from dissolution of micelles.
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6.2 Analysis of the model soil
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8  Figure 6.5: DSC heating (top) and cooling (bottom) curves for a sample of the TAG mixture (without

thermal treatment) and its components: vegetable (rapeseed) oil, vegetable shortening, lard and

vegetable shortening. The graph shows data from the second cycle of heating to 70 °C, holding at 70 °C

for 5 min and cooling to -40 °C with a heating/cooling rate of 10 °C/min.

A simple, repeatable, cleaning test was developed in chapter 5 which used a difficult-to-

remove greasy soil consisting of: 33.3 % lard, 33.3% vegetable shortening, 25% vegetable oil

and 8.3% linseed oil. DSC was used to compare the melting/crystallisation temperatures of

the TAG mixture and its components as shown in figure 6.5. The DSC curve from heating

linseed oil and vegetable oil, at a rate of 10 °C/min, shows they both have glass transition
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temperatures at approximately -20 °C (both highlighted by *). Lard shows the largest
endotherms presumably due to a high level of crystallization. Both lard and vegetable
shortening have more than one endotherm which suggests they contain multiple fractions,
triglycerides, fatty acids and with each component having a different melting/crystallization
temperature. This observation is in agreement with previous DSC studies of solid fats.?> The
sample of vegetable shortening contains a higher melting component than lard, with melting
complete at 60 °C rather than 50 °C. The heating curve of the TAG mixture shows melting
peaks at approximately 1 and 16 °C, which are intermediate between the peaks for lard (-20,

10 and 15 °C) and vegetable shortening (-10 and 27 °C).
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Figure 6.6: DSC heating (top) and cooling (bottom) curves for a sample of the TAG mixture with and without
thermal treatment (baked on a glass slide at 200 °C for 1 hour) and the residue from cleaning the slide in a
solution of 1 w/w% LO. The graph shows data from the second cycle of heating to 70 °C, holding at 70 °C for 5

min and cooling to -40 °C with a heating/cooling rate of 10 °C/min.

DSC of the TAG mixture initially (initial), after thermal treatment at 200 °C for 1 hour (baked)
and the TAG remaining on the slide at the end of the soil removal test using a solution of 1

w/w% LO (cleaned) is shown in figure 6.6. The unbaked TAG shows sharp crystallisation
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peaks at -13, 20 and 42 °C. The melting peak at 15 °C was shifted to 24 °C in the thermally
treated TAG.

The residue from cleaning shows a melting peak at a higher temperature than either of the
other samples. A possible explanation for this observation is the selective removal of a

fraction within the TAG mixture with a lower melting temperature.

To investigate whether the change in the melting temperatures of the TAG film during the
cleaning process, SAXS of a sample of the TAG prepared by the method outlined in chapter
5, with one difference: the substrate was a 15 mm mica disk of 25-micron thickness rather
than a glass slide. The prepared TAG was analysed by SAXS before and after the TAG soil
removal test had been performed (using a 1 w/w% LO solution). In figure 6.7 a), the
differences in the two patterns at low g, 0.01 — 0.08 A show there is a change in the
morphology of the film during cleaning. This suggests that the components removed during
cleaning leave pores or voids behind, creating structure in the TAG film. This void scattering
is the extra intensity seen at low g. As the interfaces become rougher, the slope of the curve
changes from ~4, indicating a solid, sharp interface, to 3.4 indicative of fractal voids with

rough interfaces.

a) b)
1 100 — Before
— Before — After
0.1 — After 807
5 3 60+
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Figure 6.7: X-ray scattering patterns for a film of TAG removed from the surface of a glass slide used in the bulk
laboratory soil removal test, after baking at a 200 °C and before “cleaning” (pink) and after removal from the
cleaning test and drying in a vacuum dessicator for 12 hours (blue). a) SAXS where the peak at 0.3 A is the
same in both patterns indicating the crystal structure of the fat is unchanged during the cleaning process.
However, the differences in the two patterns at low g show there is a change in the composition of the film
during cleaning. b) WAXS where the presence of crystallinity in the TAG, for both samples, is observed by peak
at1.5 A,
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The peak at 0.3 A in the SAXS pattern and at 1.5 A in the WAXS pattern (figure 6.7 b)) is
observed in both patterns. Therefore, there is crystallinity in the TAG, which is not removed
during the bulk TAG test, i.e. the “after” sample is more crystalline and there are higher
order peaks from the crystalline material that are consistent with the increase in melting
temperature as the sample is more crystalline. This indicates that the components of the
TAG mixture that are harder to remove by surfactant solution contain these crystalline

regions.
6.3 Comparison of Surface Tension and Soil Removal

In chapter 5, a simple, repeatable, cleaning test was developed and used to optimize a
mixture of commercial surfactants. The optimal mixture as determined by the optimization
favoured high proportions of LO to DG and exclusion of BC, in addition to high pH. To
investigate these observations further and to gain insight into the mechanism of soil
removal, the TAG removal test was used to investigate the dependence of cleaning efficacy

on surfactant type and concentration, pH and its relationship to surface tension.
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Figure 6.8: Relationship between TAG soil removal and surface tension for various aqueous DG concentrations
at unadjusted pH (11). The surface tension decreases with concentration until the point of inflection at the
CMC where the surface tension plateaus. The soil removal begins to increase around the DG concentration of

the CMC (*).
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To gain an understanding of the contribution of each surfactant, in the binary/ternary
mixtures discussed in previous chapters, to the removal of the soil from a surface, the TAG
removal test was performed at various concentrations for each individual surfactant species.
Figure 6.8 compares the DG solution surface tension and soil removal with increasing
surfactant concentration. The most remarkable result to emerge from the data is that the
concentration of DG at which the surface tension becomes constant, indicating the CMC (*),
is the same as the concentration above which an appreciable amount of soil begins to be
removed. Above the critical micelle concentration (CMC), micellular aggregates form in
dynamic equilibrium with the ‘free’ surfactant in the solution, i.e. surfactant monomers that
are not at the interface or in micelles, therefore, this finding suggests that the presence of

aggregated surfactant provides a reservoir of surfactant which aids soil removal.
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Figure 6.9: pH dependence of TAG soil removal with surfactant concentration for DG. Arrows indicate position

of the CMC

From figure 6.9, it can be seen that the minimum concentration of DG at which soil removal
occurs is comparable to the CMC, and a lower concentration of DG is required at pH 7 than
pH 11. The CMC of DG changes from 0.011 w/w% at pH 7 to 0.1 w/w% at pH 11. Jin et al.
previously observed an increase in CMC with pH has been observed previously for
alkylpolyglucosides.?® This effect was caused by the hydrotropic effect whereby the
deprotonation of headgroup with addition of sodium hydroxide causes the surfactant
molecules to behave like anionic surfactants with increased repulsive interactions between

their headgroups.?®
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At pH 7, the increase in soil removal with concentration plateaus above 0.9 w/w% whereas
at pH 11 the soil removal continues to increase beyond 1 w/w%. In addition, at pH 11 and
concentrations of DG below 0.1 w/w%, there is ~ 9% of the TAG soil. Both of these
observations could be due to saponification occurring increasing the amount of TAG
solubilized. In chapter 5, ~5 % of the TAG was removed by deionised water at pH 11 so there

is a pronounced synergistic effect of DG in alkaline conditions.
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Figure 6.10: pH dependence of TAG soil removal with surfactant concentration for DG. The dotted vertical lines

indicate position of the CMC at each pH.

The cleaning behaviour of DG at pH 3 differs significantly from pH 7 and 11. At pH 3, there is
a decrease in removal of the TAG soil above 0.2 w/w% of DG, from 55.7% to 11.7% at 1
w/w%, figure 6.10. It may be that a change in micelle shape could change the amount of soil
removal and therefore, analysis of DG at pH 3 and 11 by SAXS was performed. However,
there is no difference in the shape of the micelles at pH 3 and pH 11, shown in figure 6.11.
Therefore, further investigation would be required to determine the reason for this

observation as the reason for this is unclear.

139



2 wiw% DG, pH 11

[ ]
2 wiw% DG, pH 3
0.5 w/w% DG, pH 11
\/\ S

0.005 0.01 0.05
q/A1

1(q)/a.u.

Figure 6.11: Offset SAXS patterns for 0.5 and 2 w/w% DG, at pH 3 and pH 11, indicating that the micelles are

the same shape in all cases from the good fit of a core-shell ellipsoid model.

Although the CMC correlates well with the onset of soil removal for DG, the same cannot be
said for the cationic surfactant, BC. The soil removal of BC at two different pH’s was
performed: pH 7, for comparison with the other two surfactants, and pH 11, which is the pH

at which many household cleaning formulations are prepared.?’
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Figure 6.12: pH dependence of TAG soil removal with BC concentration at pH 10 (purple) and pH 7 (green). The
dotted vertical lines indicate position of the CMC at each pH. The CMC of BC, at both pH, is lower than the
point at which soil begins to be removed. However, relative to other surfactants studied, the overall soil

removed at the highest concentration is low (4.1% at pH 10).

As figure 6.12 shows, the total TAG film removed over the time of the experiment was low
for all concentrations of BC at both pHs, having a maximum removal of 4.1% at 2 w/w% of

BC at pH 10. At low BC concentration, there is “negative” soil removal, due to an increase in
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mass of the TAG film. The mass of the soil increases over 24 hours, which is not observed for
deionised water alone, and therefore, this indicates swelling by absorption of aqueous
surfactant. The amount of TAG removed by the 2 w/w% of BC at pH 10 was higher than that
removed than in the pH 10 water alone, 3% versus 0.5%. This result indicates the surfactant
is removing some of the TAG in the soil removal. At both pH 7 and 10, the concentration
above which soil removal begins to occur is well above the CMC, which indicates that a large

excess of surfactant is required to remove TAG from the glass surface.

In addition, BC is again ineffective at removing soil from the surface: the concentration of
surfactant required to remove 5% of the TAG over 24 hours is over 100 times higher than
the CMC. As discussed previously, this result is to be expected as BC is added to cleaning
formulations as a biocide rather than to play a role in soil removal and in this context, BC is

essentially not an active surfactant.

Mass of TAG Film Removed / %

[Surfactant] / wt%

Figure 6.13: TAG soil removal with surfactant concentration for LO, BC and DG at pH 7. The dotted vertical lines

indicate position of the CMC at each pH.

The soil removal for LO with increasing concentration can be seen in purple in figure 6.13.
The shape of the curve is similar to DG indicating the mechanism of soil removal may be the

same. The CMC of LO relates to the concentration at which the removal of TAG begins to
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occur. The amount of soil removed increases at a constant rate with concentration of LO

between 0.02 and 0.2 w/w% and then plateaus.

The next study compared the three surfactants at pH 7. The coloured dotted lines in figure
6.13, indicate the CMCs for LO, DG, and BC at pH 7, which are all between 0.01-0.02 w/w%.
At this point, the LO and DG begin to significantly decrease. The comparison of the three
surfactants clearly shows that the CMCs of LO and DG are related to their soil removal
whereas BC does not remove any TAG until concentrations greater than ten times its CMC.
LO and DG also remove a much greater mass than BC. The maximum soil removal observed

for each surfactant was: 43.1% for LO, 40.9% for DG and 3.7% for BC.

6.4 Oil in Micelles

One potential mechanism of TAG removal is that all or part of the TAG soil is solubilised
within surfactant micelles.? To investigate whether the oily TAG soil could be solubilised
within the surfactant micelles, resulting in an increase in micelle size, the addition of
increasing volumes of hexane to LO micelles was studied by SAXS. Hexane was chosen as an
initial test as it is analogous to the alkyl chains in the fatty acids and is a liquid at room
temperature. The concentration of the LO was kept constant, 2w/w%, whilst the amount of
hexane was increased. In the following discussion, @\o is the ratio of LO to hexane. Each
mixture was prepared, sonicated and stirred overnight before SAXS analysis. The shift in
minima around 0.1 A to lower g with increasing volume of hexane addition, indicates an

increase in micelle size.
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Figure 6.14: q dependence of the normalised scattering intensity for the mixing of hexane with 2 w/w% LO, for

®o=1,0.5,0.17, 0.01. Lines indicate fit with a model describing spheres.

Table 6.2 shows the radii of the micelles in each case was obtained from a spherical model.
The increase in micelle radius appears is directly related to the increase in hexane

concentration.

Table 6.2: Increasing micelle radius of the LO micelles with addition of hexane, as determined by SAXS. Hexane

was mixed with 2 w/w% LO, a model describing spheres was used.

Ratio of LO to hexane Radius / A

1:0 14.3+0.0
1:1 19.2+0.0
1:5 21.6+0.1
1:100 44.7 +0.8

These results show that LO micelles can be swollen by oil with the addition of force (in this
case, stirring and sonication) and a long equilibration time (24 hours). Therefore, it is
possible for LO to remove oil from a surface by solubilization-emulsification mechanism with

sufficient mechanical action.
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6.5 QCM-D

QCM-D measures frequency and dissipation of an oscillating sensor enabling the calculation
of the change in mass and viscoelasticity of thin films on the surface of the sensor, both with
addition and subtraction of a film. Previously, QCM has be used to study soil removal and
detergency.!®?® There are a number of advantages over other techniques, including high

sensitivity, large choice is surface and soil type and time-resolved experiments.

The first example of using QCM to investigate detergency of hard surfaces was by
Weerawardena in 1998.2° A solid organic soil, tripalmitin, was applied to the surface of a
sensor by vacuum sublimation. The rate and amount of soil removal was calculated by the
frequency changes and used to rank surfactant efficiency of two nonionic surfactants:
pentaethylene glycol mono-n-dodecyl ether and octaethylene glycol mono-n-dodecyl ether.
In 2003, a similar QCM experiment was performed to study removal of 3 lipids: tripalmitin,
trimystirin and cetyl alcohol, using two other surfactants: anionics, sodium
dodecylbenzensulfonate and SDS, nonionics, dodecyl heptaethyleneoxide and hexadecyl
heptaethyleneoxide.® For all surfactants, there was lipid swelling but no soil removal at
concentrations below their CMC. At higher concentrations, the lipid is removed once the

swelling stage is complete.

More recent QCM studies have followed the rate of removal of stearic acid. The detergent
formulations studied have a range of applications; from cleaning surfaces for vacuum
deposition,’> biomedical implant cleaning® to washing synthetic textiles.}*3! QCM
determined the loss of the fatty acid film occurred in two stages. First, the water and
detergent adsorbed or was absorbed by the stearic acid layer, followed by detachment of

the stearic acid layer.

QCM has been suggested for ranking of cleaning formulations by their performance in the
product development process.!® Eight, undisclosed, formulations were flowed over the
surface of a QCM sensor coated in a film of used cooking oil. QCM was used to compare the
cleaning formulations by metrics that evaluate a formula’s ability to get rid of a soil such as:
rate of soil swelling, which is indicative of penetration by surfactant and water, the rate of
mass loss, and total mass loss. Two typical QCM-D cleaning profiles showing soil swelling by

surfactant and water and subsequent soil loss are shown in figure 6.15.
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Figure 6.15: Two cleaning profiles for application of a surfactant solution to a grease soil attached to a QCM-D
sensor. The black arrows show the time of surfactant solution injection. [A] is the QCM-D data for a surfactant
solution with a short swelling time, the time taken for surfactant and water penetration into the grease, this is
indicated by the increase in dissipation and decrease in dissipation after solution injection. The soil removal
time is also short, shown by the increase in frequency and decrease in dissipation between 800 and 100
seconds. [B] is the QCM-D data for a surfactant solution with a slower soil swelling time, shown by a more
gradual increase in dissipation and decrease in frequency. The soil removal begins around 1900 seconds with

the decrease in dissipation and increase in frequency. This diagram was taken from K. Olesen et. al.1®

In previous chapters, a mixture of surfactants was optimised for maximum soil removal of
TAG. However, it would be difficult to monitor the changes in mass, using the bulk TAG test,
at short timescales and over time, due to the requirement to remove and vacuum dessicate
the films before mass determination. The advantage of QCM-D is the ability to monitor
changes in mass in real time. Hence, to further study the mechanism of how the surfactants

are removing the soil, QCM-D is used to look at the rate of soil removal and soil swelling.
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6.5.1 Spin coating TAG on a QCM-D Sensor

To study the mechanism of removal of the TAG film by surfactant using QCM-D, application
of a thin homogenous coating of TAG to a quartz sensor is required. SiO, coated quartz
sensors were selected as the most comparable to the glass surface used in the large-scale

cleaning test.

Thin films can be produced uniformly by spin coating from solution.?? In order to spin-coat
TAG onto a sensor, a suitable solvent for TAG is required to obtain films thin enough to not
excessively damped the sensor in the QCM. Previous solubility studies have shown some
fatty acids (oleic and linoleic) and tristearin, a triglyceride, are soluble in ethyl acetate,
acetone, hexane and toluene.®*3° As the TAG mixture is a mixture of triglycerides from
different fatty acids including oleic, linoleic and stearic, the solubility of the TAG mixture in
these four solvents was investigated. Toluene was the only solvent that dissolved the TAG at
room temperature although only at concentrations below 20 w/w%, indicating the limit in

solubility.

The first experiments focused on spin coating the SiO, sensor with TAG which had not been
baked previously. Films that were initially uniform, by visual inspection, were produced by
spin coating 10 microlitres of 20 w/w% TAG in toluene. However, the film dewets and forms
a large droplet on the surface of the sensor caused by the extreme temperatures of the
baking at 200°C. This droplet required multiple cycles of immersion in toluene and cleaning
in an ultrasonicator to remove. Therefore, this preparation procedure could not be used for
QCMD as the soil was too difficult over shorter timescales for the surfactant solution to
remove without abrasion and the film was of uniform thickness. Therefore, an alternative
method of film preparation, with lower temperature baking, that produces uniform films

was required.

Xue and Han previously studied how to prevent dewetting of thin films. 3¢ There are four
methods: changing the surface energy of the substrate, maintaining the temperature of the
film below its glass transition temperature (Tg), increasing the thickness of the film and use
of a higher molecular weight polymer.3® All four methods will be discussed in relation to

coating of TAG on SiO; sensors below.
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The surface energy of the substrate could be changed to encourage uniform film formation.
In this case, SiO, coated sensors are the closest in surface properties to the glass slides used
in the laboratory TAG loss test. In addition, the process to clean the slides was matched to
the laboratory TAG test: sonication in a detergent solution, micro-90, followed by sonication
in deionised water. Thus, the surface energy of the sensor was set and therefore, the most
favourable way to prevent dewetting was to either increase the thickness of the film applied
to the surface of the QCM sensor or lowering temperature the temperature of baking.
Increasing the thickness of the film can be acheived by lower spin speeds on the spin-coater
or increased mass of the TAG toluene solution. Therefore, three methods to generate films
of greater thickness were examined: using lower spin speeds, more concentrated TAG in
toluene solutions and application of larger volumes of the solution when spin coating. In

addition, thermally treating the TAG films at lower temperatures was used.

The following conditions were identified to form a uniform film: spin coating 40 uL of 20
w/w% TAG at 1000 RPM for 20 s and subsequently baking at 70 °C for 1 hour. Although, this
method produced uniform films, the films were too thick, > 2um. Due to the film thickness,
the oscillations of the sensor in the QCM were dampened to the extent that the resonant
frequencies could not be found. Therefore, this film preparation method was not able to be

used to study the film removal by surfactant solutions.

Another method to prevent dewetting is using a higher molecular weight polymer; however,
altering the soil was not within the remit of this study. The aim was to study the ‘model soil’
developed previously which contained: 33.3% lard, 33.3% vegetable shortening, 0.25%
vegetable oil and 0.083% linseed oil. During the process of baking, an increase in the
molecular weight of the triacylglyceride molecules was previously observed by Dunstan and
Fletcher, due to autoxidative crosslinking.!” Therefore, in order to use thinner films, the TAG
mixture was baked prior to spin coating (to form a high molecular weight polymer). Rather
than baking the film on the SiO; sensor, the TAG was prepared by the same method as the
TAG removal test (pipetting molten TAG solution on glass slides and then baking at 200 °C
for 1 hour) and then scrapped off the slides and dissolved in toluene. This TAG toluene
solution was then used to spin coat the sensors at 2000 RPM for 20 seconds, using 20 pL of 5
w/w% TAG in toluene, figure 6.16. A final step was to place the coated sensors in an oven at

50 °C to ensure evaporation of toluene.
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Figure 6.16: SiO; sensors coated with TAG prepared by thermally treating TAG, dissolution in toluene at

5w/w%, spin coating onto SiO, QCM sensors and baking at 50 °C.

The average thickness of the final film was 1.1 um, determined from the mass and density of
the TAG applied, assuming uniform film thickness. To determine whether the final film was
stable to soil removal; the coated chip was analysed in deionized water. When a coated
sensor was submerged in a container of deionised water for 24 hours, no visible changes in
the film or immersion solution are observed. In addition, there was no change in the
frequency observed over several hours when deionized water was flowed over the coated

chip in the QCM.
6.5.2 Kinetics of surfactant-aided TAG film removal

To gain understanding of the kinetics of the removal of the previously developed model TAG
soil, the method to coat a SiO, coated quartz crystal QCM sensor with TAG was used to
study the behaviour of three surfactants: LO, DG and BC and the mixture optimised by BO.
For all experiments, the resonances were found in deionised water and the measurements
were begun as the surfactant solution flowed into the measurement cell. In each case, the
surfactant solutions were studied at concentrations well above their CMC, 10 times the
CMC, and below the CMC, 0.5 times the CMC. DLS was used to monitor the size distribution
of the TAG particles removed from the surface of the sensor. The surfactant solution exiting
the QCM was collected over intervals of ten minutes, in order to collect a sufficient volume
for analysis (1 ml). Previously, it has been shown that solid organic soils initially take up
water until a saturation point is reached.? This was also observed in this experiment; there
was a decrease in frequency (indicative of mass increase) of about 50 hertz over 60 minutes,

followed by a plateau.

The change in oscillation frequency of the QCM is related to the change in mass on the
sensor by the Sauerbrey equation, defined in section 2.2.6.1. However, the Sauerbrey
equation is not valid in the following examples because the TAG film is not rigid, which is
one of the required assumptions. There are models to relate frequency change to mass
change, such as the Voinova-Voigt model, however, these cannot be applied here because

the density of the film is required for the calculation which cannot be determined because
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of changes during the cleaning process. As previously discussed in section 6.2, DSC and SAXS
suggested the removal of TAG is selective for different components in the TAG mixture,
potentially causing voids or porosity in the film. Hence, the following discussion of the QCM

results are qualitative.

In the bulk TAG removal test on glass slides used previously, aqueous BC was shown to be
ineffective at removing TAG. The thought was the cationic surfactant initially penetrated the
soil with water, causing swelling, followed by a slow and minimal soil removal step. To
investigate this, a comparative experiment using TAG coated sensors placed in a QCM cell
under flow of 1 w/w% BC solution, with an unadjusted pH of 7.3, was performed. A 1 w/w%

solution is a concentration of 10 times the CMC of BC (figure 6.17).
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Figure 6.17: Cleaning of a TAG soil using a 1 w/w% BC solution, which is 10X CMC, monitored by: a) QCM and
b) DLS of the supernatant. The colours of the dots in a) indicate the times the supernatant was sampled and

analysed by DLS, which match the colours of the lines in b). The peak at ~ 300 nm (not observed in the intial

solution) indicates the size of the TAG particles, removed from the QCM sensor surface, in the supernatant.
c) QCM data for the cleaning of a TAG soil using 0.05 w/w% BC solution, half the CMC, which shows a decrease

in frequency, indicative of mass uptake, and an increase in dissipation, indicative of softening of the TAG film.

The frequency decreased over the first 10 minutes, indicative of mass uptake of surfactant

and water, and subsequently increased gradually over the next 4 hours. The experiment
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could not be continued due to time constraints however, it may be expected that the
frequency would continue to increase, due to mass loss continuing until the upper limit of
soil removal, followed by a plateau. The slow and small mass of TAG removal (relative to LO
and DG discussed later) is in agreement with the results of the the “bulk” TAG test where
the soil removed was low over 24 hours, <4%. In addition, the dissipation increased over the
first 20 minutes. This dissipation increase indicates the softening of the film by the BC
surfactant. The peaks in the dissipation occurs at the same time as the frequency, followed
by a decrease. This suggests that the softening of the TAG aids its removal from the sensor
surface by BC as the loss of TAG from the surface means the remaining mass is less

viscoelastic.

Figure 6.16 b) shows the size distributions of any scattering objects in the supernatant: the
BC solution collected after flowing through the QCM. The top pink trace, the ‘initial’ solution
of 1 w/w% BC, has only one peak at ~ 1 nm in diameter which is the size of the BC micelles.
DLS was used to follow the size distribution over the time of the QCM experiment. At all
times where supernatant was collected, a peak is observed indicating surfactant stabilises

particles of diameter ~ 300 nm. As the intensity of the scattering is lower than that of the

surfactant, the concentration of the particles is low which is in agreement with the small
mass loss seen by QCM-D. In comparison to the soil removal of LO and DG (shown

subsequently), the rate of mass loss is slow.

Figure 6.16 c) shows the frequency and dissipation changes, monitored by QCM-D, for an
aqueous solution of BC at half its CMC, 0.05 w/w%. In this case, there was no increase in
frequency which signifies the soil was not removed, or a greater mass was absorbed than
removed. The slow decrease in frequency and increase in dissipation indicates soil softening
by surfactant and water and there were no changes seen during DLS of the initial surfactant
and the supernatant. Both of these observations indicate that no soil was removed; which
may be because the time required for soil removal is longer than the duration of the
experiment. An alternative explanation is that the surfactant (and water) adsorbs on the

surface of the TAG and softens it, but BC does not readily desorb from the surface leading to
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the lack of removal of the soil. To develop a better idea of the adsorption and desorption

kinetics, techniques such as ellipsometry, neutron reflectometry or AFM could be used.®
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Figure 6.17: Cleaning of a TAG soil using DG solution of 10X CMC a) monitored by QCM b) supernatant
monitored by DLS. c) Cleaning of a TAG soil using DG solution of 0.5X CMC monitored by QCM.

The second surfactant studied was DG. At 2 w/w%, the DG solution was shown in the
previous bulk lab test on glass slides to remove 80% of the model TAG soil. Solutions of DG
in deionised water, with a native pH of 10.5, were prepared at concentrations ten times the
CMC and half the CMC to study the soil removal with and without the presence of surfactant
micelles. These solutions were flowed over the TAG coated sensor in the QCM-D, the results
of which are shown in figure 6.17 a). In agreement with the earlier observation, the solution
at ten times the CMC was effective at removing the TAG films. In figure 6.17 a) there is a
change in frequency as the soil is removed and interestingly there are two stages in the
frequency increase. The increase in frequency in the first stage is of a smaller gradient
indicating mass loss for the first 120 minutes was slower. The subsequent increase in
gradient indicates a faster rate of soil removal until a plateau at ~400 minutes with the end
of soil removal. In this comparison to BC, there was no initial decrease in frequency
suggesting that the soil is removed by a different mechanism which does not require soil
penetration by water and surfactant to soften the soil. After the initial increase in
dissipation associated with soil softening, the dissipation decreased to its initial baseline

which may be due to the high mass loss from the surface leaving a hard surface at the end.
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Figure 6.17 b) shows DLS of the supernatant collected after being flowed through the QCM.
The top blue data is for an aqueous solution of DG at a concentration of 10 times the CMC
which has one broad peak at ~ 30 nm in diameter for DG micelles. This broad peak may be a
combination of the two peaks at ~ 8 and 100 nm as in the supernatant collected there are 3
peaks rather than two. Over the first 10 minutes (orange in figure 6.17 b)), during the first
stage, and in the second stage, 350 to 360 minutes (green in figure 6.17 b)) showed the size
of particles stabilised by the surfactant were the same, 450 nm. The final sample of
supernatant was collected from 710 to 720 minutes and contains very little of the 450 nm
particles. These large particles may have been caught on the surface of the QCM suggesting
TAG is not being removed at this time. This is in agreement with the frequency plateau and

dissipation decrease suggesting no further mass loss.
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Figure 6.18: Cleaning of a TAG soil using water adjusted to pH 11 with sodium hydroxide monitored by
Qcm

In the next experiment, water with pH adjusted to 11 was studied using QCM-D to make
comparisons with the studies of DG. DG is naturally basic, pH 10.5, and the previous
experiments studying water at high pH using the bulk TAG soil removal test showed a small
amount of soil removal. Figure 6.18 shows an increase in frequency and decrease in
dissipation, due to mass loss, until a peak at 10 minutes. This peak is followed by a decrease
in frequency and decrease in dissipation and subsequently, a small increase in frequency. By
150 minutes, the change in dissipation is small and the frequency change is ~20 Hz,
indicating small amount of soil removal. Most of the mass loss occurs over 30 minutes which
is similar to the rate of saponification of oil, which has been studied previously and shown to

occur in less than 20 minutes.?”
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Figure 6.19: Cleaning of a TAG soil monitored by QCM using LO solution of concentration a) 10X CMC and b)
0.5X CMC

The final surfactant studied was LO which was effective at removing TAG in the laboratory
removal test discussed in Chapter 5: 40% of the TAG film was removed using a 1 w/w%
solution. For the QCM-D experiment, a solution of 10 times the CMC of LO was used, to
study soil removal in the presence of micelles, which had a pH of 8.0. During the first 50
minutes of the experiment, there were two events. First, over the initial 20 minutes, there is
a rapid increase in dissipation accompanied by a small decrease in frequency. As the change
in dissipation is large, relative to the changes seen for DG and BC, LO softens the TAG film to
a greater extent before mass loss occurs. In the subsequent, 30 minutes there was a small
decrease in dissipation and increase in frequency due to mass loss. After 100 minutes, the

rate of mass loss decreases towards a plateau.

Figure 6.19 b) shows the change in frequency and dissipation of TAG films subjected to an
LO solutions at concentration of half its CMC. A small amount of mass loss is observed
(relative to the mass loss/frequency increase observed for the same surfactant solution at
concentrations 10x CMC) which suggests that micelles are not required for soil removal and
there was a delay of 50 minutes, before the frequency began to increase which is much
greater than at concentrations 10 times the CMC of LO. An explanation for this might be that
with less surfactant, there is an increase in the time required for surfactant to penetrate the

soil on the sensor surface which aids removal.
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In Chapter 5, the soil removal efficacy of a mixture of the three previously discussed
surfactants, BC, DG and LO, was optimised using a Bayesian Optimisation method. One of
the best performing solutions was selected, 1.46 w/w% LO (973.6 X CMC), 0.631 w/w% DG
(45.1X CMC) at pH 11, and the QCM-D method was used to study its soil removal behaviour

with time.
b
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Figure 6.20: Removal of a TAG soil using surfactant mixture optimised using a Bayesian Optimisation a)

monitored by QCM b) supernatant monitored by DLS

This optimised solution showed the highest change in frequency of the surfactant solutions
tested which suggests the most mass loss. In addition, the mass loss occurred at the fastest
rate: figure 6.20 a) shows a plateau in frequency change after 20 minutes. In figure 6.20 b),
the final sample of supernatant taken between 140 and 150 minutes, there are no particles
observed by DLS which is another indicator that the removal of soil had completed by this

time. The DLS of the supernatant in the samples at 0-10, 10-20 and 20-30 minutes show the

soil particles are approximately 700 and >10000 nm.

Table 6.4: Removal of a TAG soil, monitored by QCM, for LO, BC and DG solutions at concentrations of 10 times

the CMC and a surfactant mixture optimised using BO, 1.46 w/w% LO (973.6 X CMC), 0.631 w/w% DG (45.1X
CMC) at pH 11.

Surfactant Time to maxin:\um swelling / Rate of Soil I_Rej:noval /
mins Hz min
Lauramine Oxide 23 39.8
Decyl Glucoside 150 5.32
Benzalkonium Chloride 21 0.539
Optimised Mixture 1.9 1170
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Table 6.4 compares the kinetics of soil removal of the surfactants alone and the surfactant
mixture optimized by the Bayesian optimization. The swelling time was calculated by the
time from the introduction of surfactant to maximum in dissipation and the rate of removal
was calculated from the steepest slope of the change in frequency.® This highlights how
effective the optimized mixture is at soil removal with an increase of 40 times the rate of soil
removal and a 10 times shorter time to maximum swelling relative to the best performing
surfactant. In addition, the correlation between short times to maximum swelling to the
highest rates of soil removal shows the importance of swelling and softening of the TAG for

its removal and the truly synergistic effect of mixed surfactants.

6.6 Conclusions

This chapter attempted to investigate the mechanisms and kinetics by which the TAG soil is
removed from hard surfaces, by the surfactants: LO, BC, DG. A number of techniques were
used including microscopy, characterisation of the TAG soil, comparison of the CMC of the

surfactants and their soil removal using the bulk TAG test and QCM-D.

Confocal microscopy was used to study observe the oil-aqueous surfactant interface.
However, with no external force applied, the surfactant had no effect on both oils, rapeseed
oil and methyl oleate, over 5 hours. Imaging of a droplet formed prior to imaging showed
the surfactant, SDS, was able to prevent redeposition of the droplet into the oil and
stabilizes the oil droplets formed. Bar spreader microscopy, which images application of a
surfactant solution using a bar spreader to impart some additional force, showed no
changes at the oil-surfactant interface, and therefore, no removal of the oil from the glass
slide. Therefore, a larger force is required to emulsify the vegetable oil within the timescale
of study. As the soil of interest, TAG, is a more viscous, crosslinked film than vegetable oil, it
would be more difficult to remove from the glass slide. Therefore, information about the
mechanism of soil removal could not be obtained using these methods could. Further
investigation into the visualisation of the removal of TAG would require a method to apply a

greater force to the surface of the TAG film to promote soil removal.

DSC and SAXS was used to study the model soil before and after cleaning. DSC showed
changes in the melting and glass transition temperatures of the TAG film during the cleaning
process. SAXS analysis indicated some large structure in the film after cleaning, which could
be due to porosity or voids in the film. The crystalline structure present in the initial film is

still present after cleaning which indicates the crystalline fat is the harder to remove
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constituent; this may require mechanical force. These observations suggest the TAG is not
removed in layers; some of the components in the TAG mixture were readily removed by
surfactant whereas the harder to remove, more tenacious, oils and fats left were on the

surface.

The comparison of the CMC of DG and LO with the relationship between concentration and
soil removal shows a correlation between the onset of soil removal and the formation of
micelles, which suggests that surfactant micelles are required for the removal of soil. In
contrast, for BC, the soil removal required concentrations of surfactant well above the CMC
and even in that case, there was only a small amount of soil removal, <4%. This indicates a
higher amount of surfactant and/or micelles needed than for LO and DG and highlighted the
fact that BC is poor at soil removal, with its primary role as an antimicrobial agent. The study

has also shown that a high pH causes soil removal, due to saponification of the surfactant.

LO micelles were shown by SAXS to increase in size with the addition of hexane indicating
the swelling of micelles with the addition of force, by stirring and sonication, over a long
time, 24 hours. The results suggest LO to removes oil from a surface by solubilization-

emulsification mechanism with sufficient mechanical action.

A method was developed to convert the in-lab soil removal test to an analogous QCM-D test
by spin coating the previously developed TAG soil onto a QCM-D sensor. The soil removal by
each surfactant in real time was subsequently studied for each surfactant. There was good
agreement between the in-lab test and the QCM-D studies: BC was much poorer at soil
removal than LO and DG and the surfactant mixture optimized by the Bayesian optimization
showed the highest rate of soil removal and shortest time to maximum swelling. The
improved soil removal of the mixed surfactants is compelling evidence that there are
synergistic effects in the cleaning efficacy of surfactant mixtures, and, that Bayesian
optimization is an efficient way of finding the mixture with the greatest synergy. Further
investigation of the behaviour of mixed surfactant solutions is required to understand how
the surfactants are behaving in the final formulation to get such superior soil-removing

properties.
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7 Conclusions

The initial aim of this study was to use a machine learning methodology to optimize a cleaning
formulation. The first optimisation experiments were conducted with respect to surface tension
because it is a relatively simple, and easily accessible method of quantifying surfactant behaviour. A
Bayesian optimisation methodology was used to optimise binary and ternary mixtures of
surfactants, targeting the minimum in surface tension. For the binary mixtures, the minimum in
surface tensions found were 29.89 + 0.07 mN m™ for LO and BC and 29.54 + 0.03 mN m™ for LO and
DG and for the ternary mixtures, the minimum found was 28.04 + 0.20 mN m™. The concentration of
surfactants was lower than their individual CMCs for the mixture of LO and BC and in the ternary
mixture of LO, BC and DG, not only was the concentration of the individual surfactants in the binary
mixture lower than their individual CMC’s but also the total surfactant loading was lower. The
number of experiments required to reach to optimum was reduced compared to other design-of-
experiment methods. Subsequently, the Bayesian optimisation was performed on a parameter with
a greater indication of cleaning formulation performance (i.e. soil removal). The Bayesian
optimisation with respect to cleaning efficacy was performed using an adapted TAG removal test to
obtain an optimal solution with high soil removal effectiveness, >95%, with a relatively small number
of measurements. In addition, the total concentration of surfactants in the optimal mixture
identified is less that 2.5 w/w%, which is comparable to the amount used in industrial hard surface
cleaning formulations (~2-5 w/w%). In summary, Bayesian Optimisation has been shown to identify
an aqueous surfactant mixture using relatively small surfactant concentrations with a minimal
number of experiments. This could be a useful tool to formulators as the experiments to
characterise soil removal of a cleaning formulation can be time-consuming, so by reducing the
number of experiments required and potentially identifying solutions with less surfactant, these

products could be formulator more quickly with a reduction in cost.

To advance the Bayesian Optimisation studies, more cleaning components could be added to the
model, e.g. co-solvents, fragrances, rheology modifiers and chelators, in addition to supplementary
inputs or outputs, e.g. cost, antimicrobial efficiency and foaming ability. However, currently there
are computational challenges restricting the capability to deal with the number of input and output
variables being greater than 10 which would require solving first.! An alternative area of research
could be the correlation between the two output variables with regards to the optimisation.
Previously, it has been shown that if the outputs of a multi-output process can be correlated, it is
possible to model the relationship in order for an output that is simple, fast or inexpensive to obtain

to be used to optimise a formulation with regards to a more time-consuming or expensive to obtain
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output.>® Future work could determine whether this would apply for an optimisation with regards to

cleaning efficacy (a time-consuming test) using surface tension (a fast measurement).

One drawback of the Bayesian optimisation is that the information it provides is specific to the given
system. The black-box nature of the optimisation means the physicochemical reasons that cause the
conditions of the optimum formulation to perform best are not known and predictions about
systems beyond the initial system selected cannot be made. Hence, the second aim of this study was
to gain an understanding of the mechanism that underpins the surfactant-aided removal of an oily

soil from a hard surface. With relation to this aim, the key findings are discussed below.

First, DG was effective at soil removal. DG was found to be a major component in the optimised
mixture with respect to both surface tension and soil removal efficacy. This is in agreement with the
finding in chapter 6 that the concentration of DG at which surface tension becomes constant
(indicative of the CMC), is the same concentration above which an appreciable amount of soil begins
to be removed. QCM-D of DG at concentrations above and below the CMC, indicated that there is no
soil swelling step, due to surfactant and water penetration, but soil was removed at a fast rate

(relative to LO and BC).

Second, the removal of the TAG soil is aided by high pH. For the ternary mixture of surfactants, the
optimised mixture with regards to soil removal was at pH 11. The cleaning test was performed on
water with increasing pH and it was found that at every pH except 11, there was little to no soil
removal. At pH 11, 20% of the soil was removed indicating that it is not only the changes to the
surfactant that occur at high pH which encourages soil removal. This suggests that saponification of
the TAG, which occurs with addition of sodium hydroxide, is plays a role in the soil removal

mechanism.

Third, BC is a poor choice of a surfactant for removing soils. In both ternary mixture optimisations
(for surfactancy and cleaning), BC was not required for the optimal formulation. By both the
laboratory soil removal test and QCM-D, it was observed that at very low surfactant concentration
there was an increase in mass of the soil due to swelling by water and surfactant. In addition, the
concentration at which a small amount of soil is removed is much 100 times greater than the CMC.
BC as is not an active surfactant in this system; the reason for BC’s inclusion in ‘real’ formulations is

for an alternative function: its role as an antimicrobial.

Finally, there is evidence that surface tension is a good proxy when investigating soil removal. For
example, the concentration of surfactant above which an appreciable amount of soil begins to be

removed was the CMC for both LO and DG. BC was shown to be poor at lowering surface tension
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and soil removal by being excluded from the surfactant mixtures optimised using the Bayesian
method. However, optimizing the surface tension and formulations with respect to soils on a given
substrate does not give you the whole picture of cleaning. There are many more factors and
substrates to consider. Therefore, further study is required to gain an understanding of the
mechanism of soil removal adopted by the surfactants of interest, including developing a method to
study the action of surfactant with to help understand the reasons, and the mechanism, behind why

both surfactant and mechanical action are required to achieve excellent cleaning.
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