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ABSTRACT

The research presented in this thesis has expanded the fundamental understanding of surfactant
crystallisation exhibited by dish liquid formulations under low temperature environments. With
this knowledge, industries, such as P&G, can develop more robust formulation designs that do
not demonstrate failures in appearance criteria. By increasing the knowledge base, this thesis
provides a route to improve the stability test methods currently in place at P&G. These tests can
take up to 28 days to detect crystalline failures before a definitive conclusion can be made
regarding a sample’s susceptibility to crystallisation. This work has identified potential routes

to reduce this timescale, as well as the variability of these failures.

Studies were initially performed on model systems consisting of sodium dodecyl sulfate (SDS),
N,N-dimethyldodecylamine N-oxide (DDAQ) and water, where the surfactants were present at
concentrations typical of commercial dish liquid. Crystals were found to be composed of SDS
hydrates, with little or no DDAO present. It was shown that the SDS alcohol precursor, 1-
dodecanol, was able to seed SDS crystallisation as a result of structural similarity between the
two components. Differential scanning calorimetry (DSC), confocal Raman microscopy and X-
ray scattering studies revealed that the presence of the non-ionic surfactant, DDAO, has a
significant impact on the crystal shape, structural changes during formation and the
crystallisation temperature of the solutions. In the absence of DDAO, SDS crystal formation
proceeded via an intermediary structure whereas this structure was not detected in the presence

of DDAO.

An extensive stability study was performed across selected dish liquid formulations to
demonstrate that the conclusions drawn from the model system studies could be applied to more
complex systems. Crystallisation of the dish liquid samples was monitored via time lapse

photography and light transmission techniques. Sample stability was found to depend on three



factors: the amount of alkyl sulfate alcohol precursor, the amine oxide concentration and the
chemical nature of the alkyl sulfate paste. Consistent with the model system findings, the greater
the amount of alcohol precursor and the lower the amine oxide concentration, the more unstable
the formulation with respect to crystallisation. The alkyl sulfate paste, within commercial
products, contains both ethoxylated and non-ethoxylated alkyl sulfate components. Nuclear
magnetic resonance (NMR) studies revealed that the crystals do not contain ethoxylated alkyl
sulfates and, therefore, the presence of these surfactants were observed to improve the stability

of formulations.

In enhancing the related stability test methods, the main aim was to source a method that
enabled failures to be detected in a shorter time and with increased repeatability. Seeding with
oven-dried dish liquid and sonication were considered as potential options, but were not pursued
past initial screening due to practical limitations or repeatability issues. However, the
application of mixing to a formulation afforded improvements. This method was found to
reduce the time to crystal formation by increasing the rate of both primary and secondary
nucleation in the system. As well as reducing both the time to failure and the variability between
replicates, the application of agitation also influenced the mechanism of crystallisation. In the
absence of mixing, crystallisation originated from the air-liquid interface due to the close
packed conformation of the monolayer. This was further demonstrated upon addition of an oil
layer to the sample. This oil layer effectively ‘freezes the interface’ by stabilising the surfactant
hydrocarbon chains and reducing the drive for crystallisation. However, when mixing was
introduced into the system, the crystals initially grew in the region of the stirrer blade and spread
throughout the bulk. Furthermore, this method can simulate the supply chain, since
formulations are subjected to varying levels of movement during distribution. A route to

implement this scientific finding on a mass scale is currently being investigated by P&G.
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THESIS LAYOUT

This thesis manuscript is composed of nine chapters including an introduction chapter, which
contains the literature review, seven experimental results chapters and a conclusions and future
recommendations section. The experimental chapters are provided in a self-contained paper-
type format each containing an abstract, introduction, results and discussion and conclusions.
Chapters 1, 2, 3, 4 and 8 are all based on papers that have either been published or submitted

for publication.

Chapter 1 is the introductory chapter discussing the project objectives, the relevance of the
work to the sponsor company, P&G, and background literature in this research area. Covered
in the literature review is an introduction to surfactants and their applications, a discussion of
surfactant crystallisation, routes documented to reduce the time to crystallisation and a

background into the applicable experimental techniques.

Chapter 2 is the first results chapter which introduces crystallisation of an aqueous sodium
dodecyl sulfate (SDS) system. This is the most commonly used surfactant in dish liquid
applications. The effect of the alcohol precursor, 1-dodecanol, on the crystallisation process is

also considered.

Chapter 3 focuses on structural and compositional studies of the crystals formed from mixed
SDS and N,N-dimethyldodecylamine N-oxide (DDAO) solutions, with the surfactants present

at concentrations typical of commercial dish liquid.

Chapter 4 also focuses on the crystallisation of SDS + DDAO systems. Specifically, this section
considers the effect of DDAO concentration on the phase transition in terms of crystallisation

kinetics, crystal shape and the structural changes occurring during crystal formation.

XXX



Chapter 5 provides an in depth kinetic analysis of the crystallisation of pure SDS and SDS +

DDAO systems, under both isothermal and non-isothermal conditions.

Chapter 6 outlines the application of the learning gained from the model systems to complex
dish liquid systems, with most of the work contained within this chapter carried out at the P&G

Brussels Innovation Centre. Factors found to impact the stability are discussed.

Chapter 7 is a further experimental chapter that investigates potential routes to improve the low
temperature stability test methods for dish liquid products. The majority of these experiments

were performed at the P&G Brussels Innovation Centre.

Chapter 8, an extension of Chapter 7, is the final experimental chapter that continues to discuss
possible stability test method improvements. The application of agitation as a route to improve
the efficiency of these tests is explored, with particular focus on the effect of different mixing

speeds and changes to the crystallisation mechanism in the presence of agitation.

Chapter 9 contains the conclusions and summarises the work completed, in addition to

providing recommendations for next steps in the investigations.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

Some discussions contained within this chapter have been published within: Summerton,
E., Zimbitas, G., Britton, M. and Bakalis, S. 2017. Low temperature stability of surfactant

systems, Trends in Food Science & Technology, 60, p. 23-30.



Chapter 1 Introduction

1.1 Project background

Over recent decades, the detergent industry has continued to grow and expand its product
portfolio. Since the introduction of the soap bar in the 1800s (Spitz, 2016), this industry has
diversified to include a range of products, such as liquid detergents, dishwasher tablets, washing
powders and shampoos. All these formulations have complex compositions and aim to provide
the optimal physical, sensory and chemical attributes for consumers. The key active ingredients
incorporated within all these products are chemical components called surfactants, which are
responsible for removing any soils. More specifically, anionic surfactants are most prevalent in
the cleaning industry (Scheibel, 2004), in comparison to other surfactant types, which is largely

driven by their ability to clean, their foaming properties and their relatively low economic cost.

This project focuses on the detergent surfactant system known as dish liquid, which is used
daily by consumers across the globe. As well as containing a high proportion of anionic
surfactants, dish liquid also contains amphoteric surfactants in a lower proportion. In past
studies, it has been demonstrated that mixed surfactant systems display more suitable
characteristics than one containing a single surfactant (Yangxin et al., 2008). This is also true
for other homecare and personal care products. In typical dish liquid formulations, the anionic
surfactants tend to be alkyl sulfates such as sodium dodecyl sulfate (SDS), depicted in Figure
1.1. Other alkyl sulfates arise from variations in chain length, the presence of ethoxy groups or

branching off the main hydrocarbon chain.

AP
//\\//\\//\\/”\V/A\V/A\o/ \O_Na+

Figure 1.1. Molecular structure of sodium dodecyl sulfate (SDS).
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An example of an amphoteric surfactant frequently used in dish liquid formulations is displayed
in Figure 1.2. Although N,N-dimethyldodecylamine N-oxide (DDAO) is an amphoteric
surfactant, it exhibits non-ionic properties when present in dish liquid, due to the surrounding

alkaline pH environment (Bucsi et al., 2014).

\ /
\/\/\/\/\/\/N&O

Figure 1.2. Molecular structure of N,N-dimethyldodecylamine N-oxide (DDAO).

Dish liquid also contains other ingredients, including dyes, perfumes, preservatives, water and
ethanol, which are added at specific concentrations in order to attain the required physical and

chemical properties of the formulation (Lai, 1996).

Formulation development of homecare products, such as dish liquid, continues to play a
prominent role in industry. The cost of the raw materials is susceptible to fluctuations and there
are also ongoing changes in consumer demands. As a result of these factors, new formulations
must be introduced, or the existing ones refined, in order to satisfy market demand and
maximise profit. When designing formulations, it is important to expose the product to
extensive chemical testing, such as foam stability or viscosity measurements. Furthermore, the
stability of a product must be monitored across the shelf life at a range of different temperatures
and humidity environments (Porter, 2013). This has become especially important in recent years
as formulations are being supplied to continents exhibiting widely varying climates.
Unfortunately, these stability tests often have long timescales, with up to a month of testing
required in some cases. In addition, there is a high degree of variability arising from existence
of environmental factors that are difficult to control. For example, dust particles can act as
nucleation sites and promote the onset of crystalline failures in some products at low

temperatures.
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Stability issues can arise in dish liquid under low and sub-zero temperature environments. There
is a risk that crystalline entities may appear in the formulation and result in the surfactant system
failing appearance criteria. Other failure modes may include a complete phase change or phase
split. The behaviour of this detergent formulation at low temperatures is not well understood
and there are significant gaps in the knowledge base. It is important to minimise crystallisation
and, therefore, a fundamental chemical understanding of this failure process is necessary to

improve product development and the efficiency of the associated stability test methods.

1.2 Project aims

The fundamental understanding surrounding the crystallisation process occurring at low
temperatures in some homecare products was highlighted as an area requiring further research
if product stability is to be improved. Specifically, this project focuses on the crystallisation
behaviour of dish liquid. Current research into surfactant crystallisation is mainly focused on
binary and single surfactant systems, with relatively few publications focused on the surfactants
relevant to the dish liquid industry or at surfactant concentrations that are representative of

commercial products.

A key objective of the work is to generate a broader knowledge base of this crystallisation
process and understand the composition and structure of crystals that form in this surfactant
system. To achieve such an objective, simple binary and single surfactant systems are used to

provide an initial understanding before performing studies on commercial dish liquid products.

Compositional and structural attributes of the crystals are explored using data acquired from
variable temperature nuclear magnetic resonance (NMR) and small-angle X-ray scattering
(SAXS), with the 62 hours of beamtime at the Diamond Light Source, Oxfordshire, UK
providing a key opportunity to characterise the crystals. Examples of some other techniques

that are used throughout the thesis include optical microscopy and differential scanning

4
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calorimetry (DSC), from which information about the kinetics and thermodynamics of the
process can be inferred. The impact of the formulation composition on the product stability is

also discussed, after performing a series of stability tests at P&G.

Using the acquired knowledge, a further aim of the project is to improve the reliability and
reproducibility of the accompanying stability test methods, which can demonstrate high
statistical variability and long timescales to failure. Furthermore, the current stability tests
monitor the stability of stationary formulations, which is not necessarily representative of the
supply chain. In this work, methods that not only reduce the failure timescales, but also more
closely simulate transportation, are investigated and tested over a wide formulation space using

a selection of light transmission techniques.

1.3 Relevance to P&G

P&G, the industrial sponsor for this project, proposed that work undertaken in this project
would provide key scientific understanding behind stability issues that can arise at low
temperatures in their dish liquid formulations. P&G originated in Cincinnati, where it was
founded by William Procter and James Gamble. They originally had separate roles as a candle
maker and soap maker respectively but, through family connections, the two men formed the
P&G collaboration in 1837 at which point the company began to grow in employee numbers
and diversify in product range. P&G is a dominant player in the fast-moving consumer goods
(FMCG) industry with leading brands in several market segments such as haircare, personal

care and homecare (P&G, 2017).

During product development, stability testing must be performed before a formulation can be
launched to market. Product stability is important due to the strong global presence of P&G
products, which comes with an increased probability of the formulations being exposed to a

wide range of temperatures and climates. Currently P&G serves more than 180 countries and

5
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employs over 95,000 people. P&G places a large emphasis on the R&D sector spending 1.9
billion dollars in the last financial year. To continue to be a market leader and fulfil their mission
statement, it is important that P&G maintain a strong focus on scientific research. The chemical

and physical stability of their products is at the forefront of this research.

A fundamental understanding of the crystallisation failures exhibited by detergent formulations
in cold climates will be valuable when designing new formulations. Stability issues not only
incur costs to P&G, but also cause wastage and product recalls resulting in a negative
environmental impact as well as reducing brand loyalty. Reducing its environmental footprint
and improving sustainability are at the centre of P&G’s business aims so it is important to

minimise the occurrence of these crystalline failures.

To detect crystalline failures, low temperature stability testing is performed on detergent
products at temperatures ranging from —3 °C to 10 °C with a high proportion of the testing
carried out at 0 °C. Unfortunately, the timescales of the tests are long requiring up to 28 days
to determine if a formulation meets the necessary success criteria, with much of this testing
performed via visual inspection. There are also significant discrepancies in failure times, even
between samples from the same batch, that may originate from external factors that are difficult
to control, such as the existence of dust particles or temperature and pressure fluctuations. An
approach capable of determining stability failures within a reduced timescale and with minimal
variability is key for improving the efficiency of the business. Furthermore, there is a
requirement for an approach that more closely simulates the supply chain, since the current
method does not account for any movement that the formulations may experience during

distribution.
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1.4 Literature Review

1.4.1 Introduction to surfactants

1.4.1.1 Surfactant classification

Surfactants, also termed surface-active agents, have a distinct molecular structure and can be
classified as amphiphilic compounds since they possess both hydrophobic and hydrophilic
properties (Rosen, 2004). The basic chemical structure is composed of a hydrophobic
hydrocarbon chain attached to a hydrophilic head group (Farn, 2008). The hydrocarbon chain
typically comprises of 10 - 16 carbon atoms (Porter, 2013). Depending on the strength and
polarity of the functional head group, surfactants can be further sub-classified into four distinct
categories; cationic, anionic, zwitterionic and non-ionic (Zhang et al., 2006; Kronberg et al.,
2014). Examples of cationic surfactants include amine and quaternary ammonium salts, both of
which have positively charged head groups. Sulfonate and sulfate salts, such as sodium dodecyl
sulfate (SDS), are examples of anionic surfactants. Amphoteric surfactants, such as some amine
oxides, contain both negative and positively charged head groups, with their net head group
charge dependent on the pH of the system (Friedli, 2001). Finally, non-ionic surfactants possess

neutral head groups.

1.4.1.2 Micelle formation

When present at low concentrations in aqueous solution, surfactants exist as monomers that
have a preference to accumulate at the air-liquid interface (Goodwin, 2009). By forming a
monolayer at the surface, unfavourable interactions between the hydrophobic surfactant chains
and water are minimised (Gil and Lacks, 2016). The monomers will displace some surface
water molecules reducing the intermolecular forces between the water and thus lowering the

surface tension (Holmberg, 2002).
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Surfactants aggregate when the surfactant concentration exceeds a specific value called the
critical micelle concentration (CMC). The CMC depends on a variety of factors, with the most
important being the nature of the surfactant(s) involved in the system. An increase in alkyl chain
length lowers the CMC due to an increasing hydrophobic character of the micelle core (Lomax,
1996). The surrounding environmental conditions, such as temperature and ionic strength, can
also have an impact on the CMC (Rosen and Kunjappu, 2012). Typically, increasing the
temperature of the system causes an initial decrease in the CMC followed by a subsequent
increase (Chen et al., 1998). A decrease in the hydrogen bonding between the solvent and head
group is responsible for the initial decrease. Secondly, as the temperature rises, water
surrounding the alkyl chains in the micellar core becomes increasingly disordered resulting in

the subsequent increase in the CMC.

These micelle aggregates form due to the hydrophobic effect (Maibaum et al., 2004; Southall
et al., 2002). Such a phenomenon results in a surfactant arrangement in which the degree of
unfavourable contact between the hydrophobic surfactant tail and the polar water molecules is
minimised (McClements, 2015). These aggregates can adopt a variety of molecular
arrangements such as micelles, vesicles, bilayers and reverse micelles (Menger et al., 1998). A
two-dimensional (2D) image of a cross-section of a spherical micelle is illustrated in the
schematic in Figure 1.3 and shows the hydrocarbon tails residing in the core of the structure

(Hunter, 2001).
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Figure 1.3. Two-dimensional graphical representation of a micelle.

These micelles can also adopt various different shapes, such as spherical, rod-like and disk-like
(Dong and Gao, 2015). The change in micellar shape with surfactant concentration has been
studied by computational simulation to further understand the mechanism when transitioning

between different forms (Gao et al., 2005).

The structures of micelles have been extensively studied by small-angle X-ray scattering
(SAXS) (Lipfert et al., 2007) where it is possible to attain parameters such as their size and
shape. For example, calcium dodecyl sulfate micelles were found to be ellipsoidal (Mahapatra
et al., 2015). Various parameters, such as core radius and micellar charge, were also obtained
for these micelles by fitting relevant models to the SAXS profiles. With small-angle neutron
scattering (SANS) it is possible, through contrast variation, to selectively observe

characteristics of the shell and core of aggregates (Hollamby, 2013).

1.4.1.3 Measuring the critical micelle concentration (CMC)

During recent decades, numerous methods have been reported for measuring the CMC of a
solution, ranging from optical to spectroscopic and conductive methods (Kissa, 2001). A

selection of the commonly used approaches are described in the next section.

Figure 1.4 illustrates how some key physical properties change at the point of the CMC.



Chapter 1 Introduction

Surface tension

Conductivity

—— Absorbance

Parameter

1
cMmcC
Surfactant concentration
Figure 1.4. Schematic illustrating how physical properties change at the CMC. Adapted from

Ref. (Chakraborty, Chakraborty and Ghosh, 2011).
1.4.1.3.1 Surface tension

The most common method for determining the CMC is through measuring the change in surface
tension with surfactant concentration (Lin et al., 1999; Chu, 2014, Patist et al., 2000). As
illustrated by Figure 1.4, the surface tension of a surfactant system decreases with addition of
surfactant until the CMC is reached, after which the surface tension then remains constant.
When surfactant monomers adsorb at the interface, they disrupt the hydrogen bonding packing
of the water molecules in that region, thus reducing the surface tension (Chakraborty et al.,
2011). The initial lowering of the surface tension upon surfactant addition is important for many
applications, including the enhancement of foam stability and thin films which, in the absence
of any surfactants, would collapse (Zimbitas et al., 2017). Upon reaching the CMC, any further
surfactant goes into micelles in the bulk, rather than accumulating at the surface, so the surface
tension remains unchanged. Although this method can be used for both ionic and non-ionic

surfactants, a previous study revealed that the surface tension method is not always suitable for
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non-ionic surfactants (Patist et al., 2000). There is not always a distinct change in surface
tension, which they attribute to a wide molecular weight distribution. This implies molecules
with varying degrees of ethoxylation are present, leading to a range of CMC values within one

sample.

1.4.1.3.2 Conductivity

A plot of solution conductivity versus surfactant concentration can yield the CMC at the break
point (Figure 1.4) (Shirahama and Kashiwabara, 1971; Dominguez et al., 1997). This change
in conductivity can be explained by the ability of micelles to carry charge, compared to
monomers. Since micelles are larger and less mobile than monomers, they are less efficient
charge carriers. Below the CMC an increase in surfactant concentration yields an increase in
monomers and counterions and hence an increase in the number of charge carriers in the bulk.
Above the CMC the monomer concentration no longer changes, and further surfactant
molecules form micelles. Furthermore, the counterions bind to the micelles and therefore

become less available to carry charge through the system.

1.4.1.3.3 Solubility of dyes

The absorbance of water insoluble dyes, such as pyrene, can also be used to determine the CMC
of a system (Patist et al., 2000; Topel et al., 2013). Some dye molecules exhibit an increase in
their solubility at the CMC (Figure 1.4). The dye molecules become incorporated into the
micelles and, therefore, become increasingly soluble (Nasiru et al., 2011). This change in the
environment results in an increase in absorbance of the solution, which can be used to attain the

CMC.
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1.4.1.4 Further surfactant phases

The micellar structure adopted by surfactants enables them to dissolve hydrophobic molecules,
such as fats and oils, in aqueous solution and provide cleaning and emulsifying properties
(Rosen, 2004). Additionally, surfactants have foaming properties as well as acting as wetting
and solubilising agents (Attwood, 2012). Upon an increase in surfactant concentration in
aqueous solution other surfactant phases can form (Yan and Texter, 2006). A typical phase
diagram as a function of surfactant concentration is shown in Figure 1.5 (Brinker et al., 1999;

Miller et al., 2016).
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Figure 1.5. Typical phase diagram for an aqueous surfactant systems displaying the various
phases above the CMC where A = Ideal solution, B and C = Micellar solutions, D = Hexagonal
phase, E = Cubic phase, F = Lamellar phase and G = Crystals in the mixture. Adapted from

Ref. (Brinker et al., 1999).

An increase in surfactant concentration favours the formation of liquid crystal phases
(Rosevear, 1968). These liquid crystal phases can have various forms, namely hexagonal, cubic

and lamellar phases, with the latter forming at higher concentrations. The hexagonal phase is
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formed by hexagonal close packing of the rod-shaped cylindrical micelles whereas the cubic
form originates from spherical micelles cubic close packing (Tiddy, 1980). When P&G produce
their cleaning products, the surfactant paste is initially supplied in the concentrated, hexagonal
liquid crystal form. Before supplying to market, significant dilution and application of high-
shear mixing is required to attain the isotropic micellar phase. The hexagonal form displays
anisotropic properties, as detected by a polarising microscopy (Rosen, 2004). Other liquid
crystal forms also exhibit this property but, conversely, micelle solutions display isotropic
characteristics. Aside from forming micelles, monomers and the liquid crystal phases, hydrated
crystals can also form at low temperatures. However, this particular phase transition is not well

understood, despite resulting in appearance failures in industrial formulations.

1.4.1.5 Use of surfactants in industry

Due to their chemical properties, surfactants are extensively used in a variety of industries on a
global scale. These industries include those of homecare, food, personal care, textiles, plastic
and cleaning (Azarmi, 2015; Farn, 2008; Salager, 2002; Rosen, 2004) with further examples

illustrated in Figure 1.6.
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Figure 1.6. Diagram showing examples of industries requiring the use of surfactants.
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Due to the widespread use of surfactants within industry, the global surfactant market is
increasing in size especially with the introduction of synthetic surfactants in recent years. The
compound annual growth rate for the period from 2015 to 2020 is forecasted as 5.3% with an

estimated end value of $39.86 billion in the year 2021 (Markets, 2016).

The different categories of surfactants, namely anionic, cationic, non-ionic and amphoteric, are
used to varying extents within industry, with anionic surfactants accounting for the majority
(Salager, 2002). This is attributed to the ubiquitous nature of this type of surfactant within the
detergent and laundry industries. Anionic surfactants are extremely effective at removing soils
from surfaces as well as exhibiting a large amount of foaming. Cationic surfactants derived
from ammonium salts are commonly present in hair conditioning products because of their
capability to attract negatively charged fibrous materials (Gavazzoni Dias, 2015). This is

especially important after use with a shampoo in which the surfactants are negatively charged.
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Zwitterionic surfactants are often found in toiletries and creams because of their milder
behaviour (Farn, 2008). Surfactant use in the detergent industry is expanded in more detail in

the next section.

Aside from the detergent industry, many products in the food sector contain surfactants for their
emulsifying properties (Sharma, 2014). Emulsions consist of at least one immiscible liquid
dispersed as droplets throughout a continuous phase with examples including mayonnaise,
milk, butter, margarine and salad dressing (Guzey and McClements, 2006). In addition to
providing emulsifying properties, the presence of surfactants in food products is also important
for attaining the desired microstructure and rheological properties, as well as improved
consistency, shelf life and stabilisation (Nitschke and Costa, 2007). The naturally occurring
surfactant lechitin is present in egg yolk and milk proteins (Kralova and Sjoblom, 2009). The
presence of lecithin in chocolate production is responsible for bringing about the desired
structural changes relating to the viscosity and moisture level (Ziegler et al., 2003; Afoakwa et
al., 2007). The reduction in viscosity is necessary in order to obtain a homogeneous suspension
of chocolate mixture. As another example, addition of rhamnolipid surfactants to bakery
products results in further control of the stability, texture, volume and conservation (Van
Haesendonck, 2004). In addition to structural benefits, there have been experimental
investigations into the capability of biosurfactants to control the presence of bacterial surface

colonies which can impact health and affect food quality (Nitschke and Costa, 2007).

1.4.1.6 Surfactants in dish liquid

The detergent industry utilises surfactants in the majority of their products ranging from
shampoos and fabric conditioners to washing powder and kitchen cleaning products. This sector
accounts for at least 50 % of the industrial demand for surfactants (Yangxin et al., 2008), with

anionic surfactants being the most widely used due to their low cost and associated chemical
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properties. Dish liquid is one product which contains a relatively high concentration of this

surfactant type.

Despite the introduction of automatic dishwashers, dish liquid still maintains a significant
market share across the world, especially in regions where automatic dishwashing is not
common, so the formulation development of this product continues to be important. New
variants are regularly developed to account for changes in the costs of the raw materials and to

meet new consumer demands. This is also true for many other detergent products.

The first manual dishwashing liquid was introduced in the 1940s with a non-ionic surfactant as
the active ingredient (Lai, 1996). However, this formulation did not provide a sufficient amount
of foaming upon cleaning so anionic surfactants were considered in the next stage of the product
development. Although there was more foaming with this formulation, stability issues arose
and it was discovered that a multiple surfactant system, containing both anionic and non-ionic
surfactants, provides an improved performance (Yangxin et al., 2008). The current P&G dish
liquid formulation contains a mixture of alkyl sulfates (anionic), ethoxylated alkyl sulfates
(anionic) and amine oxides (amphoteric) as the key surfactant ingredients. Branching is
incorporated in some of the alkyl sulfates at P&G to improve the robustness of the formulation
(Scheibel, 2004). In more recent years, preservatives and different variants of dyes and
perfumes have been introduced. There is an ongoing consumer demand for the product to be
low cost, high performance and relatively environmentally friendly (Ivankovi¢ and Hrenovic,

2010).

Surfactants provide the cleaning capability of these formulations. The mechanism of soil
removal from hard surfaces is proposed to be a multi stage process whereby the surfactant first
inserts into the soil causing subsequent swelling which then enables removal of the soil through

emulsification or agitation (Zoller, 2008; Cox, 1986). The hydrophobic nature of the
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hydrocarbon surfactant tails favours their binding to the soil. The mechanism employed by dish
liquid is the same as that employed by shampoos and soaps. Hard water can present issues when
the ions in the water bind to surfactants reducing their cleaning capability, for which chelating

agents are often added to formulations.

Detergent products must be supplied to industries across the globe. At all product scales it is an
essential requirement that the formulation demonstrates stability during all stages of
manufacture, transport and subsequent shelf life (Chantraine et al., 2006; Lai, 1996). In some
areas of the world the formulations are subjected to extreme climates. When dish liquid
products are exposed to high temperatures there is a risk of discolouration since dyes contained
within the formulation may degrade (Bechtold and Mussak, 2009) or react with other species.
At low and sub-zero temperatures there is also a risk of stability failure through the appearance
of crystalline entities in the system. These can occur when the formulations are under static
conditions, where no external shear or agitation is applied. Aside from failures under stationary
conditions, flow-induced crystallisation can also result in phase transitional failures (Somani et
al., 2000). For example, upon application of shear, polymers can form orientated lamellar

crystals.

In order to minimise the risk of crystallisation in product distribution, industries have stability
tests in place, typically involving the storage of formulations at varying temperature conditions
for defined time periods (Porter, 2013). However, the test methods can be time-consuming with
some formulations requiring up to a month of testing before a definitive conclusion can be
reached. Due to the increasing global demand and product portfolio, there is a requirement for
a method which more closely simulates the supply chain and has the capability of detecting
failures in a reduced timescale. In order to source an improved test method, it is important that

knowledge of the mechanism of this crystallisation is further understood. Despite the strong
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application to industrial products, few studies exist in this area of scientific research. Before

examining surfactant crystallisation, a general understanding of crystallisation is required.
1.4.2 Crystallisation

1.4.2.1 Introduction to crystallisation

The main thermodynamic driving force for crystallisation is the difference in the chemical
potential of the solute, compared to its equilibrium state (Vedantam and Ranade, 2013;

Himawan et al., 2006).
Ap= ps—pe = RTIn: (1.1)

where s and L are the chemical potentials of the system and its equilibrium state, as and ae are

the related activities, R is the gas constant and T is the temperature.

It is often challenging to attain the potential difference between such states and, therefore, it is
generally accepted to use the concentration difference instead (Vedantam and Ranade, 2013;
Boistelle and Astier, 1988). A solution is assumed to thermodynamically favour the formation
of crystals if it is supersaturated. A supersaturated solution is one in which the concentration of
the solute molecules exceeds that of the concentration at saturation (Mullin, 1993). The
existence of supersaturation in a system, which depends on the temperature and the solute
concentration, can be determined from a solubility diagram (Figure 1.7). The point at which the
maximum amount of solute remains dissolved in solution is the equilibrium solubility or
solubility limit. As well as determining whether crystallisation is a thermodynamic possibility,
the degree of supersaturation can also impact which polymorphs form in the system (Teychené
and Biscans, 2008). Aside from cooling a system to induce supersaturation, and promote

crystallisation, other methods can also induce this property (Mullin, 1993). Evaporation of the
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solvent will result in high local supersaturation. Furthermore, the addition of another solvent

can cause the solute to crystallise out.

There is also a region of supersaturation where nucleation is negligible, known as the metastable
zone, (Dincer et al., 2014; Myerson, 2002) as shown in Figure 1.7. It is important to determine
this section of the solubility curve for industrial crystallisation processes in order to obtain a
high quality of product at minimal expense (Mersmann and Bartosch, 1998). The metastable
zone is influenced by the applied cooling rate, agitation, impurities, hysteresis and the
surrounding temperature (Nyvit, 1985). Once the metastable limit is reached, nucleation
becomes spontaneous and the rate increases. The metastable zone can be measured isothermally
by detecting the onset of crystallisation at a certain temperature condition through turbidity or

conductivity measurements (Zhang et al., 2015).

However, it is not only the presence of supersaturation that will determine a solution’s
susceptibility to crystallisation because any kinetic effects must also be accounted for.
Kinetically driven processes include nucleation and crystal growth and it is these processes that

tend to determine the size distribution of the crystals (Vedantam and Ranade, 2013).
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Figure 1.7. Solubility curve and metastable zone plotted against temperature and

concentration. Adapted from Ref. (Vedantam and Ranade, 2013).

1.4.2.2 Nucleation

Nucleation can be subdivided into primary and secondary nucleation (Mullin, 1993; Myerson,
2002). Primary nucleation occurs in supersaturated solutions that do not contain crystalline
entities. This process can be classified as either homogeneous and heterogeneous nucleation,
where the former is nucleation occurring in a bulk solution that is absent from dust or other
foreign matter. Homogeneous nucleation relies on collisions between the solute molecules,
which have a low probability of occurring (Sear, 2006; Mullin, 1993). Conversely,
heterogeneous nucleation uses foreign objects as nucleation sites for crystallisation. Most
nucleation processes adopt the latter route. During nucleation, solute molecules form clusters
via bimolecular addition. If a cluster exceeds a critical radius, it can form a stable nucleus where
the attractive forces between the molecules outweigh those exerted from the surrounding
solvent molecules (Mullin, 1993). These clusters, typically comprised of tens to thousands of

solute molecules, proceed to grow into crystals (Mullin, 1993).
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Contrary to primary nucleation, secondary nucleation occurs in solutions that already contain
crystalline entities (Botsaris, 1976; Agrawal and Paterson, 2015). There are various
mechanisms by which this process can occur (Kadam et al., 2011) including crystals breaking
apart, collisions of existing crystals with other surfaces or crystals and shear removal of the
crystal surface, all of which result in further crystal fragments being distributed throughout the

solution. The rate of secondary nucleation can be described by Myerson (2002):

where Bo is the rate of secondary nucleation, k is the mass transfer coefficient, S is

supersaturation, Mr is the density of the crystals and W is the agitation rate in rpm.

Initially, nucleation tends to begin in the region of highest supersaturation, such as a cold
surface or the surface of the solution. This area may have a high supersaturation due to
temperature effects or evaporation, respectively (Boistelle and Astier, 1988). Many techniques

are used to detect the onset of nucleation including turbidity, microscopy and conductivity.
1.4.2.3 Crystal growth

Stable nuclei, corresponding to those which exceed some critical radii, begin to grow into larger
crystalline entities. Berthoud (1921) and Valeton (1924) proposed crystal growth to be a two-
step process consisting of mass transfer of the solute molecules to the crystal interface followed
by inclusion of the molecules into the structure (Berthoud, 1912; Valeton, 1924; Valeton, 1924;

Karpinski, 1985). This first step follows equation 1.3:

dm
= = kAAc (1.3)

where m is mass, k is mass-transfer coefficient, A is the surface area of the crystals and Ac is

change in concentration from the equilibrium state. The mass transfer coefficient depends on
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the diffusivity and the film thickness of the boundary layer of the crystal. After mass transfer
of the solute molecules to the crystal, the second step involves the incorporation of molecules
into the structure, which form subsequent layers (Mullin, 1993; Tachibana, 2017). The rate of
the crystal growth can be dependent on either of the two steps (Vedantam and Ranade, 2013).
When a form of agitation is introduced into the system, the rate of mass transfer increases and,
therefore, it is likely that the second step becomes rate determining. The shape of the crystals
is controlled by both thermodynamic and kinetic effects. These include the cooling rate,

supersaturation and amount of impurities in the system.
1.4.2.4 Kinetics of crystallisation

Before crystallisation can be detected in a system, there is an induction period. This is the sum
of the time required to achieve steady state in the system, the nucleation time and the time to

observable crystallisation (Mullin, 1993).

The rate profile for isothermal crystallisation exhibits an S-shape, as displayed in Figure 1.8

(Tiller, 1991; Yang et al., 2005; Himawan et al., 2006)

Phase transition extent / %

Time

Figure 1.8. Transformation plot for isothermal crystallisation.
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The initial stage of the transformation is slow and limited by the formation of nuclei. As the
number of nuclei increase, the rate of the phase transformation also increases. The rate
subsequently reduces towards the conclusion of the process. The slower growth rate at the end
is a result of the increasing amount of the newly crystallised phase providing a boundary to

further growth.

This isothermal crystallisation can be described by the Avrami equation (Michell et al., 2013):
In[-In(1-X@®)] =InK + nint (1.4)

where K and n are constants and X (t) corresponds to the normalised crystalline constant at
time t. The Avrami exponent, n, typically takes a value from 1 to 3 and is a sum of two terms,
namely nqg and nn (Mller et al., 2005; Balsamo et al., 2004). The former, nq, relates to the
dimensionality of the crystal growth: one-dimensional (ng =1), two-dimensional (ng =2) or
three-dimensional (ng =3) (Pei et al., 2010). Whether there is one-dimensional, two-
dimensional or three-dimensional growth influences the type of crystal, forming rod-shaped,
disc-shaped or spherical crystal structures respectively. The second constant, n, is related to
the time dependence of nucleation exhibiting a value of 1 for sporadic nucleation and 0 for

instantaneous nucleation.

Although the Avrami equation is suitable for isothermal crystallisation, non-isothermal data
cannot be fitted to such a model. Various alternate models have been suggested, such as the
Ozawa and combined Avrami-Ozawa models (Bianchi et al., 2008; Kuo et al., 2006;

Bandyopadhyay et al., 2008). The Ozawa equation is provided in equation 1.5:

log [—log (1 — X(T))] = logK — mloga (1.5)
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where X (T) is the crystalline fraction at temperature T, K is a cooling function depending on
the overall crystallisation rate, a is the cooling rate and m is the Ozawa exponent which depends

on the dimensionality of the crystal growth.

A plot of log[—log (1 —X(T))| versus loga provides a value for the crystallisation
parameters, m and K. However, non-isothermal crystallisation does not always fit this Ozawa
model. For example, no linear fit was achieved during an investigation into the crystallisation
of polyether ether ketone (PEEK) and nanoparticle-filled PEEK composites (Kuo et al., 2006).
The basis of the Ozawa model is quasi-isothermal crystallisation, therefore, it is not possible to
use this method to describe all systems (Qu et al., 2004). Under non-isothermal crystallisation,
the crystallisation rate depends on both time and cooling rate and as a result there are deviations
from the model. However, the same PEEK substrates were successfully described by the

Ozawa-Avrami model described in equation 1.6:
loga =logF — blogt (1.6)

where a is cooling rate, t is time to achieve a specific degree of crystallinity, b = %where n

and m are the Avrami and Ozawa exponents respectively and F describes the necessary cooling

rate to achieve a specific degree of relative crystallinity in a given time.
1.4.2.5 Crystallisation in industry

Although crystallisation is an unfavourable occurrence in dish liquid and other homecare
products, there are many applications where crystallisation is an important part of the
production process, such as in the food and cosmetic sectors. For example, table salt and sugar,
when supplied to consumers, must exhibit a specific crystal size distribution (Beckmann, 2013).
The chemical properties of chocolate are largely dictated by the type of crystal that the cocoa

butter forms. Several polymorphs are possible and depend on the processing conditions (Schenk
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and Peschar, 2004; Afoakwa et al., 2007). Le Révérend et al. developed a model to predict
structural changes occurring during the chocolate manufacture across a range of temperature

profiles (Le Révérend et al., 2009).

The process of crystallisation is also very important in the pharmaceutical industry where it is
extensively used to attain the purest possible form of active ingredients (James, 1998; Chen et
al., 2011). The crystal attributes, such as size, morphology and crystal form, are dictated by
experimental conditions such as the temperature and pH. The type of crystal influences the
properties of the resulting active ingredient, so it is crucial to optimise processing conditions

for the required component.

There are also situations where it is preferable to minimise any crystallisation occurrence. One
example is the formation of wax crystals in diesel fuel upon exposure to cold environments
(Leube et al., 2000). Problems arise when these crystals cause blockages in diesel engines. In
recent years polymeric additives, such as polyethylene-co-vinyl acetate, have been added to
fuels in an attempt to combat this problem (Dunn, 2011; Machado et al., 2001). These modifiers
function by co-crystallising with the wax, due to the structural similarity between the two
components, and, by doing so, disrupt the packing and growth of the wax crystals (Wei, 2015).
Similarly, the occurrence of water crystallisation within jet fuel can become a risk if not
properly controlled (Baena-Zambrana et al., 2013). Crystallisation can also occur in dish liquid
products under these low temperature environments. Unlike the issues described with diesel
fuels, the existence of these crystals does not affect the functionality of the product. However,

they can be detrimental for the long-term stability since the product fails appearance criteria.
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1.4.3 Surfactant crystallisation

1.4.3.1 Krafft temperature

Having discussed the basic theory and stages of crystallisation, the occurrence of this phase
transition in single and mixed surfactant systems will now be considered. The minimum
temperature required for micelle formation in surfactant solutions is termed the Krafft
temperature. Below this point there is no value for the CMC and a risk of surfactant
crystallisation (Manojlovic, 2012). The Krafft temperature T is the crossover between the
solubility curve of the solution and the critical micelle concentration curve (Bales et al., 2002).
Therefore, dissolution of the crystals occurs if the temperature is raised or the surfactant

concentration reduced.

The concept of the Krafft temperature dates back to the late 19" century when Freidrich Krafft,
a chemist, observed a phase transition upon cooling a surfactant solution (Krafft, 1895). All
solutions of ionic surfactants have a corresponding Krafft temperature (Vautier-Giongo and
Bales, 2003) but, conversely, non-ionic surfactants tend to exhibit the opposite relationship
between solubility and temperature. Their solubility decreases with temperature to the cloud
point, at which the solution becomes turbid (Delgado et al., 2004; Sharma et al., 2003). Upon
a temperature increase, there comes a point at which the hydration of the head group of the non-
ionic surfactant is not sufficient to solubilise the surfactant molecules (Kartal, 2006; Al-Sabagh
etal., 2011). In an attempt to stabilise the system, the micelles become larger and subsequently

a turbid solution develops.

In the previous section, supersaturation was introduced as the thermodynamic driving force for
crystallisation. In an aqueous solution of the ionic surfactant SDS, the supersaturation can be

described by Myerson (2002):
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a.a..
S=—"> T where K, =a
sp

(1.7)

DS~ ,eqm aNa*eqm

where aps-and ana+ are the activities of DS~ and Na* in the solution respectively and Ksp is the
solubility product given by the product of the equilibrium activities of DS™ and Na*. S is the
supersaturation, which must have a value over 1 for crystallisation to take place. Crystals form
from surfactant monomers and counterions (Stellner and Scamehorn, 1989; Shiau et al., 1994)..
The solubility product, and therefore the supersaturation, depends on the temperature of the

system.

Surfactant crystallisation can occur below the Krafft temperature Tk , which is influenced by
numerous factors including the structure of the surfactant, the presence of other components,
the ionic strength, and the surrounding pH environment, some of which are explored in the

following sub-sections.
1.4.3.1.1 Effect of surfactant structure

An increase in the length of the carbon chain of the surfactant results in stronger VVan der Waals
forces between the hydrophobic tails. This interaction increases the thermodynamic stability of
the crystal phase and promotes its formation, resulting in the system displaying a higher Krafft
temperature (Gu and Sjoblom, 1992; Islam et al., 2015). A linear relationship between chain
length and Ty has been documented for various surfactant systems, including alkyl sulfates (Gu

and Sjoblom, 1991) and betaine surfactants (Chu and Feng, 2011).

When quantifying the relationship between chain length and Ty, the number of ethoxy units
must also be also taken into account (Gu and Sjoblom, 1992). The existence of an ethoxy group
can suppress the drive for crystallisation because the larger head group disrupts the packing of
the crystals. Similarly, the presence of branching on the hydrocarbon chain also tends to disrupt
the packing and disfavour crystal formation. Cripe et al. (P&G) investigated how the stability

27



Chapter 1 Introduction

of an alkyl sulfate solution changes with addition of methyl branches to the main chain
(Scheibel, 2004). As expected, these branched surfactants decreased the Krafft temperature of

the system, compared its linear form.

1.4.3.1.2 Influence of alcohol precursors

It is also important to consider the effect of short and long chain alcohols on Tk. The reasoning
for this interest is attributed to the fact that the sulfate and sulfonate surfactants in detergent
formulations are produced in situ from their corresponding alcohols (Dierker and Schafer,
2010). As such, it is important to understand the effect of any remnant alcohol on product
stability. Typically, the amount of remaining alcohol in detergent formulations can range from

trace amounts to 3 %.

A paper dating back to the 1960s (Nakayama et al., 1966) outlines the effect of medium chain
alcohols on SDS crystallisation where they hypothesise that the alcohols insert into the micelles
and reduce the headgroup repulsion. As a result, there is an increased tendency for micellisation
and the monomer concentration is lowered. Since the crystals are formed from surfactant
monomers, the tendency for crystallisation and the Krafft temperature of the system also reduce.
The alcohols of interest in this investigation were heptanol and hexanol. The behaviour cannot
be considered to be the same for the SDS alcohol precursor, 1-dodecanol, since heptanol and

hexanol are slightly soluble in water at ambient temperature, which is not true for 1-dodecanol.

1.4.3.1.3 Influence of multiple surfactants

The Krafft temperature of an anionic surfactant system can be lowered upon addition of a
second anionic or non-ionic surfactant. In the case of a bi-anionic surfactant solution, the more
dissimilar the structures, the greater reduction in Tx (Scamehorn, 1986). As with addition of

hexanol and heptanol, the decrease in the Krafft temperature can also be explained by a lower
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concentration of monomers available for crystallisation. This is due to an increased tendency to
form micelles (Fan et al., 1988; Stellner and Scamehorn, 1986) since the second surfactant
inserts into the micelles between the anionic surfactants and reduces the repulsion between the
negatively charged head groups. Further counterions need to be added or the temperature of the
surfactant mixture lowered to induce supersaturation in the system so crystallisation can occur
(equation 1.7) (Tsujii et al., 1980). Salinity tolerance can be used to show the effect of a non-
ionic surfactant on anionic surfactant crystallisation (Stellner and Scamehorn, 1989). When
SDS is in the presence of a non-ionic surfactant, an additional cation source is required for

crystallisation.

There have been relatively few studies looking into the nature of the crystals formed in these
mixed non-ionic and anionic surfactant systems, with some high performance liquid
chromatography (HPLC) and X-ray diffraction (XRD) studies concluding that the crystals were
99.98 % pure anionic surfactant (Soontravanich, 2007; Stellner and Scamehorn, 1986). There
is the potential for other techniques to provide insight into the crystal composition, such as low

temperature nuclear magnetic resonance (NMR) or Raman spectroscopy.

It is also important to note that anionic and cationic surfactant mixtures do not follow the same
trends as those of a mixed ionic and non-ionic nature. An anionic surfactant system becomes
more prone to crystallisation on addition of a cationic surfactant. There is electrostatic attraction
between the two oppositely charged surfactants. lons pairs form and crystallise out of solution

(Shiau et al., 1994).

1.4.3.2 Crystallisation studies of surfactant systems

Despite the importance of low temperature stability with respect to detergent products,
crystallisation of surfactants has received relatively little interest. In various publications, Smith

et al. studied aqueous sodium, potassium and rubidium dodecyl sulfate crystallisation (Smith
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et al., 2001; Smith et al., 2004; Smith et al., 2000). Turbidity was used as the measurement of
choice for the temperature of crystallisation and that of dissolution. Furthermore, the metastable
zone width (MSZW) was calculated as the difference between the temperature of dissolution
and that of crystallisation, as described in equation 1.8 below. The metastable zone width can
be defined as the temperature difference between the saturation point and the temperature of

crystal formation upon exposure to a constant cooling rate (Kadam et al., 2012).
MSZW = Tgiss — Tcryst (1.8)

A plot of the logarithm of the cooling rate against the logarithm of the MSZW was used to
obtain the order of the reaction. Thermodynamic quantities, such as enthalpy and entropy, were
determined assuming ideal solution behaviour and application of the Van’t Hoff isotherm in

equation 1.9:

AHgiss ASgiss
ln(x) = % + % (19)

where x is the mole fraction of the solute in the solvent. AHgiss and ASgiss are the enthalpy and
entropy of dissolution, respectively. A notable conclusion drawn from this study indicated a
linear increase in the enthalpy of dissolution upon an increase in ionic radii. Since all the metal
ions are equally charged, a larger ionic radius will result in a lower charge density. Decreasing
the charge density will reduce the attractive forces between the ions and surrounding water

molecules, increasing the enthalpy of dissolution of the system.

Also focused on the surfactant SDS, Miller et al. reported how the applied isothermal or non-
isothermal conditions can impact the crystal form or shape (Miller et al., 2016; Miller et al.,
2017). For example, the shape of the crystals was found to depend on the holding temperature,
for isothermal crystallisation, or the cooling rate, for non-isothermal studies. The crystals

changed from platelets to needles when a higher cooling rate was applied to the system. The
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effect of cooling rate and the surrounding temperature are critical for product stability,
especially during transportation and shelf life, when the formulation may experience sudden

temperature changes as well as smaller, local environmental fluctuations.

Broadening the field to include crystallisation of other single surfactant systems yields
relatively few studies in this area; Fu-Gen Wu et al. looked into the crystallisation of the cationic
surfactant cetyltrimethylammonium bromide (CTAB) on cooling in order to better understand
the various metaphases that occur throughout the phase transition pathway (Wu et al., 2012).
In their study crystal growth kinetics and mechanisms are examined via the use of optical
microscopy and differential scanning calorimetry (DSC). Image analysis was required in order
to determine a crystallisation mechanism and associated morphological changes in the
structural conformation. This technique was also employed by De Anda et al. during a study

into the crystallisation of glutamic acid (De Anda et al., 2005).

The crystallisation of mixed anionic and non-ionic surfactant systems has received some
attention (Soontravanich and Scamehorn, 2009; Soontravanich et al., 2009; Soontravanich,
2007; Stellner and Scamehorn, 1986; Shiau et al., 1994). However, the crystallisation of SDS
+ DDAO systems is yet to be reported, prior to this thesis, despite its application to detergent

products.

1.4.4 Timescale of crystallisation

1.4.4.1 Industry stability test methods

Within the detergent industry, the timescales of the tests used detect crystalline failures at low
temperatures can be extremely long, with up to a month of testing required to conclude the
stability outcome of some formulations. This can incur high costs and an increased probability

of failures after distribution. Furthermore, there is statistical variability in the time to failure
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between samples from the same batch. This is likely to be due to factors that influence the rate
nucleation and crystal growth and are difficult to control, which may include the existence of
dust, trace impurities particles (Cacciuto et al., 2004) or temperature and pressure fluctuations
(Himawan et al., 2006). As a result, there is industry interest in sourcing a method capable of
reducing the timescale and variability. A common way to reduce the timescale of crystallisation
is by reducing the duration of the nucleation step. The remainder of this section outlines routes
to reduce the time to crystallisation which have the potential to be used in both the stability

testing and processing of surfactant systems.

1.4.4.2 Seeding

Seeding is the process whereby small parent crystal, or other heterogeneous surface, is inserted
into a supersaturated solution to provide a base from which crystal growth can originate
(Cacciuto et al., 2004). As a result, the addition of seed particles decreases the timescale of the
nucleation process. Various seeding methods for the introduction of the parent crystal have been
reported but, in recent years, there has been an increasing focus towards heterogeneous seeding.
The capability for seeding to reduce the time to protein crystallisation is reported in various
studies (Gerdts et al., 2006; Stura and Wilson, 1991; D'Arcy et al., 2003). This is a particularly
difficult process since the seed crystals must be added at specific times in the crystal growth
cycle. The established method for seeding uses previously formed crystals as the seeds for
further crystallisation of the same bulk mixture. This particular method can be subcategorised
into two separate techniques, namely microseeding and macroseeding whereby the latter
utilises a single crystal and the former a transfer of sub microscopic seeds (Bergfors, 2003). For
the majority of experimental cases, microseeding is preferable to that of the macroseeding
process. The transfer of a single crystal can be a difficult process from a laboratory preparation
perspective. Seeding is frequently used in industrial crystallisers to maintain a level crystal size

distribution.
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There are various methods for introducing microcrystals into a solution. Seed crystals can be
added directly after reducing the crystals to the necessary size via sonication and
homogenisation. Alternatively, a seed stock solution can be used which allows for control of
the degree of seeding. Aside from these methods, another option is to use a ‘seeding wand’ that
involves the parent crystal being streaked with a ‘wand’ and inserted into the solution. Various
materials have been used as the wand, namely glass rods and wires and needles. However,
animal hair or whiskers have been found to provide optimum characteristics due to the ability

of their structural features to capture and trap the seeds effectively.

Aside from using hair as a means for streak seeding from a parent crystal, hair itself has also
been demonstrated to initiate crystallisation in biological protein studies (D'Arcy et al., 2003).
Protein crystallisation is a difficult procedure when using protein-specific seed crystals since
they must be added at a certain time point in order to be effective. However, horse hair is stable

and can be inserted at any stage eliminating the time dependence factor.

In recent years, other types of heterogeneous seeds for protein crystallisation have been
investigated (McPherson and Gavira, 2014). McPherson and Shlichta used an inorganic
crystalline material to act as a heterogeneous nucleation surface for protein crystallisation
(McPherson and Shlichta, 1988). Porous silicon has been successfully used to induce protein
crystallisation, attributed to the specific pore size of this inorganic material (Chayen et al.,
2001). Polymeric films have also been tested as a means for heterogeneous nucleation. The
concluding results suggest polymeric film surfaces can be particularly useful for the

crystallisation of proteins present in low concentrations (Fermani et al., 2001).

1.4.4.3 Application of mixing and shear

The presence of agitation or mixing is a crucial factor during product manufacture and

transportation when formulations are exposed to varying degrees of vibration and movement.

33



Chapter 1 Introduction

In systems where it is thermodynamically possible to form crystalline entities, mixing can
impact the time to crystallisation as well as properties of the crystals themselves. Although the
application of mixing has not been specifically reported for surfactant systems, it has been
documented to reduce the time to crystallisation for other systems (Mullin and Raven, 1962;

Liu and Rasmuson, 2013; Liu et al., 2014; McLeod et al., 2016; Li et al., 2015).

There is debate as to whether the application of mixing to a system affects both primary and
secondary nucleation. Primary nucleation depends on the rates of homogeneous and

heterogeneous nucleation (Mullin, 1993). Classical nucleation theory states that:

_46
] =Aewr (1.10)

where J is the rate of primary nucleation, T is the temperature, k is the Boltzmann constant, AG
is the energy barrier to nucleation and the pre-exponential factor A is dependent on the
frequency of collisions between the solute molecules (McLeod et al., 2016). The total rate of

primary nucleation is a sum of the heterogeneous Jxom and heterogeneous Juet contributions.

For both types of primary nucleation, the probability of molecular collisions increases upon
inducing kinetic turbulence in the mixture. The fluid motion is highest in the region surrounding
the central point of the mixing head, with the areas above and below the mixing head subjected
to the lowest. The increased collision frequency results in an increased pre-exponential factor
yielding higher values of Juet and Jrom. In addition, the rough surface of agitator blade can act
as a base for heterogeneous nucleation (Liang et al., 2004), thus lowering the energy barrier for

this type of nucleation. This also contributes to increasing the rate of primary nucleation.

The majority of crystallisation in industry proceeds via secondary crystallisation since
crystallites tend to be present in the bulk. There is ongoing debate regarding the mechanism by
which mixing impacts the rate of secondary nucleation. When crystals form, there tends to be

a region of low solute concentration around the crystals and stirrer blade. Upon mixing, this
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concentration gradient is reduced, and the rate of secondary nucleation and crystal growth from
these points consequently increases (Liang et al., 2004; Callahan and Ni, 2014). Furthermore,
crystals caught in the mixer blade can break apart into many separate entities increasing the
number of available nucleation sites for crystal growth. Increased fluid motion and shear also
increases the probability of crystal-blade and crystal-crystal collisions, both of which result in
the dispersion of crystal entities that can act as nuclei for further crystallisation. Application of
fluid shear may also cause the molecules to align and transition towards a close packed crystal

structure.

Aside from affecting the kinetics of nucleation, mixing also has also been reported to influence
the crystal size distribution, types of polymorphs and the morphology and, therefore, is often
used in crystallisation processes to attain a specific crystal form (Herrera and Hartel, 2000). As
part of a study into the crystallisation of m-hydroxybenzoic acid, conducted by Liu et al., it was
found that the speed of mixing determined the distribution between the two possible crystalline
polymorphs (Liu et al., 2014). An intermediate agitation rate (200-400 rpm) resulted in

predominately one crystal form.

1.4.4.4 Application of ultrasound

Ultrasound waves refer to sound waves in excess of 20 kHz, which are outside the hearing limit
of humans (Kadam et al., 2015). This technique has yet to be reported for surfactant
crystallisation. The application of ultrasound has been demonstrated to have various advantages

during crystallisation processes, which are displayed in Figure 1.9.
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Crystal size control
Structural and rheological . .
Shorter crystallisation times

Figure 1.9. Diagram showing examples of the effects of ultrasound application on

crystallisation processes.

Through ultrasonication it is possible to reduce the nucleation time of crystallisation (Lee et al.,
2014). The mechanism by which the application of these waves can reduce the induction time
is still not yet fully understood. The induction time can be defined as the time between
formation of a supersaturated solution and crystal formation. One explanation states that the
ultrasound waves result in a low to high pressure cycle whereby small bubbles are formed at
the low pressure state. At a specific volume, the bubbles collapse and result in further nucleation

sites for crystal growth (Higaki et al., 2001; Lee et al., 2014).

In addition to facilitating nucleation, the metastable zone is also reduced upon sonication. The
metastable zone can be defined as the difference between the solubility curve limit and
spontaneous solidification (de Castro and Priego-Capote, 2007). The reduction of this
phenomenon can influence crystal size distribution, purity and structure. The crystallisation of
sorbital hexaacetate not only occurs at a higher temperature in the presence of a short burst of
ultrasound, but also demonstrates larger crystals with more regularity in their structure. When
crystallisation was initiated at a lower supersaturation level, slow controlled crystal growth was

favoured (Sander et al., 2014).
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Depending on specific requirements, the crystal size distribution can be significantly altered by
the application of ultrasound. Continuous sonication during the phase transition facilitates the
production of small crystals. This is attributed to the continuous application resulting in a high
degree of nucleation sites as well as a result of the breakages of large agglomerates (Ruecroft
et al., 2005). A short burst of ultrasound can favour the growth of large and regular crystals in
comparison to a sample without applied sonication. The application of sonication also highly

affects the crystal morphology such as the size and number of crystal entities.

Compared to conventional seeding techniques, sonocrystallisation does not require addition of
external bodies (Luque de Castro and Priego-Capote, 2007). Therefore, there is the potential
for it to be utilised for sterile products which can be difficult to crystallise using seeding
methods. In 1927, the first use of sonocrystallisation was reported (Richards and Loomis, 1927)
with further reports in the 1950s to 1970s. These were all on a small scale, with one example
being the preparation of crystals of progesterone through ultrasonication (Principe and Skauen,
1962). Although the use of ultrasound to trigger crystallisation is well established (Zamanipoor
and Mancera, 2014), it is still in early stages with regards to any scale up that would allow for

it to be used extensively in industry testing.

During the manufacture of food products, ultrasound has been reported as a valuable tool with
the potential to scale up in future developments (Deora et al., 2013). During the manufacture
of chocolate, the contained fats are required to crystallise at a specific size and polymorph,
which can be tailored through ultrasonication. When exposed to ultrasonication the
crystallisation process of these fats has a reduced timescale, an effect which can also be
demonstrated with other fat-containing products such as butter and margarine. Ultrasonication
is also advantageous in food freezing preservation (Chemat et al., 2011). Application of
ultrasound can result in a more homogeneous and rapid cooling of a food product and improve

preservation. Sonication can also be used to break up crystalline entities and liquefy honey
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(Kabbani et al., 2011). Honey is a sugar-based product that displays a tendency for undesired
sugar crystallisation at room temperature. Studies have shown that sonication minimises the
presence of crystals and prolongs the timescale of their formation (Deora et al., 2013). In
addition to the processing stage, there is also potential for ultrasound to be used in the stability
tests of some surfactant products. By decreasing the nucleation time, crystallisation failures in

surfactant systems would be determined in a shorter timescale.
1.4.5 Principles of the relevant methodology

Understanding the crystallisation process occurring within detergents is vital for future
formulation development. In addition, the resulting knowledge may have application to other
industries where crystallisation is important. A variety of techniques have been used to study
crystallisation including differential scanning calorimetry (DSC), nuclear magnetic resonance
(NMR), confocal Raman microscopy, small-angle X-ray scattering (SAXS), wide-angle X-ray
scattering (WAXS), microscopy, turbidity and other light transmission techniques. Although
this list is not exhaustive, further details are provided for these methods since they are used

throughout the thesis.
1.4.5.1 Differential scanning calorimetry (DSC)

DSC is an analytical technique that can be used to determine phase transitions through thermal
analysis (Thomas, 2005; Borchardt and Daniels, 1957). The ease of the sample preparation, fast
acquisition of data and the need for only a small sample size are key advantages of this method
(Jain et al., 2008; Thomas, 2005). DSC monitors the difference in heat flow rate, defined as the
heat g supplied per unit time, between the reference and sample cells (Gill et al., 2010) through
a selected temperature region. Since both cells are exposed to the same temperature cycle, any

change in the two heat flows implies the occurrence of a phase transition.
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Thermodynamics of micelle formation have been extensively studied by calorimetry
(Chatterjee et al., 2001). Changes in the heat capacity C, for micelle formation at different
temperatures can be used to infer how the CMC depends on temperature (Kresheck, 2006;
Kresheck, 2001). Heat capacity C, can be related to the heat flow and the heating rate of the
sample (Morintale, 2013) as indicated in equation 1.11.

_ Aq

. (1.11)

where Aq is the change in heat flow and AT is the change in temperature.

Changes in heat flow have been used to detect the onset of crystallisation (Wu et al., 2012),
melting, decomposition (Kissinger, 1957) and glass transition points (Jain et al., 2008). Peak
maxima and the onset and offset points of nucleation can provide insight into the kinetics of the

crystallisation. Furthermore, the peak area can be related to the enthalpy of the transition.

Both non-isothermal and isothermal crystallisation can be studied using this analytical
technique (Zhou et al., 2011). As discussed in the previous section, isothermal crystallisation
can be described by the Avrami equation (Yang et al., 2005). In order to apply this equation,
the crystalline content at various timepoints X (t) is attained from DSC thermograms (Pei et al.,

2010).

A(Y)

X =7

(1.12)

where A(t) is the area of the cooling thermogram from the start of the crystallisation until time

t and A, (oo)is the total area of the crystallisation peak.

Non-isothermal crystallisation can also be studied by DSC, most commonly through application
of Ozawa or Avrami-Ozawa theories (Hao et al., 2010; Rigg et al., 2017; Bianchi et al., 2008).

For these investigations the cooling rate is assumed to remain constant throughout each thermal
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profile. In addition to considering the effect of different cooling rates, DSC can also be used to
understand the effect of sample concentration on crystallisation (Kekicheff et al., 1989) and to
detect any hysteresis effects. Furthermore, activation energies for isothermal and non-
isothermal crystallisation can be attained using the Arrhenius equation and the Kissinger or
Ozawa methods, respectively (Fraczyk, 2011; Ozawa, 1970; Kissinger, 1957). The Kissinger

method is provided in equation 1.13:

) _ ZAE (1.13)

where a is the cooling rate, T, is peak temperature, AE is activation energy and R is the gas

constant.

Extensive information can be extracted from DSC thermograms, with applications to many
research areas (Biliaderis, 1983). This technique is often used in combination with microscopy

to attain an overall picture of crystallisation processes.

1.4.5.2 Microscopy

The use of microscopy dates back to the 1600s when Robert Hooke’s compound microscope
was at the forefront of scientific inventions (Bradbury, 2014). Leeuwenhoek, a Dutch
businessman, also contributed a significant amount to the field with his advances in lens-making
(Yount, 2008). The aim of microscopy is to view the system of interest at a small scale in detail
that cannot be achieved by the naked eye to observe structural features such as crystal shape,
crystal size and the distribution of nucleation sites (Allen, 2015). A study focused on the
crystallisation of aqueous SDS solutions used microscopy to observe the changes in crystal
shape, from platelets to needles, upon a change in cooling rate or the surrounding isothermal

environment (Miller et al., 2016; Miller et al., 2017). Both magnification and enhanced
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resolution are equally important with this technique. A light source passes through the sample
and subsequently through the objective lenses to the eyepiece lenses, with magnification of the
image occurring at each stage (Allen, 2015). Each time that an image at a different
magnification is captured, a calibration is performed. Optical microscopy can be either
reflective or transmissive and, as a result, can be applied to both opaque and transparent

samples.

Simple optical microscopy is employed in some of the research contained in this thesis, but
polarised microscopy is also a useful technique for observing crystallisation. Polarised
microscopy functions on the principle that crystals demonstrate birefringent properties (Stoiber
and Morse, 1994). Light is emitted from the source and passes through a polariser to produce
waves that oscillate in a single plane. The sample crystals then refract the light and splits into
two perpendicular components. The light then passes through a second polariser placed at right
angles to the first polariser. When the polarisers are perpendicular, only birefringent samples,
such as crystals, illuminate the field of view. The colour distribution of the image can assist in
determining the nature of unknown samples via the Michel Levy chart (Carlton, 2011). The use
of polarised microscopy has been a valuable asset in many studies. For example, it has been
used to understand the phase behaviour of ethoxylated non-ionic surfactant mixtures (Vitiello
et al., 2014). In this particular study, polarised microscopy was used to distinguish between

different liquid crystalline phases.

There are also other types of microscopy such as fluorescence, electron and confocal.
Fluorescence microscopy is especially important in biological studies where fluorescence stains
have been developed that bind to targets to different extents (Renz, 2013; Wayne, 2014). A
fluorescence microscope uses ultra-violet (UV) light to illuminate the sample which gives
increased sample resolution, compared to optical microscopy, due to the reduced wavelength.

This is also the case with scanning electron microscopy (SEM) which is used to determine
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surface topology when an electron beam is moved across a sample. It is also possible to build
3D images of a samples through confocal microscopy (Webb, 1996) and indicate the locations

of different components.
1.4.5.3 Turbidity

A solid suspension or crystals increases the level of turbidity in the solution (Smith et al., 2001).
The amount of light that can pass through a sample is reduced. This property is the principle
behind Crystalline8, where a reduction in light transmission corresponds to the presence of

crystals.
1.4.5.4 Nuclear magnetic resonance (NMR)

NMR has been employed across many branches of science, in particular organic chemistry, as
a means to identify or confirm the structural arrangement of molecules (Clayden, 2001,
Richards and Hollerton, 2010). There are many aspects of NMR, including 2D NMR and
magnetic resonance imaging (MRI), but the focus of this overview is purely on *H NMR, which

is utilised in some of the studies contained within this thesis.

'H NMR relies on the magnetic properties of *H nuclei, which have a spin of %. In the absence
of an external magnetic field, all spins reside at the same energy state. Upon an application of
an external magnetic field, the spins will tend to align with the external field (Duer, 2008) and
can take one of two different energy states: a (lower energy) or B (higher energy) (Akitt and
Mann, 2000). Typically, nuclei with spin | can take 27 + 1 different states. An electromagnetic
radiation pulse is applied which enables nuclei to attain resonance and flip between the two
energy states (James, 1998). The amount of energy absorbed is detected and, via Fourier
transformation, the resultant NMR spectrum is obtained (Gunther, 2013). The difference

between the energy states determines the chemical shift of the signal and is highly dependent
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on the shielding effects of surrounding nuclei. As a result, NMR is capable of distinguishing
between the different proton environments. The signal intensity relates to the relative number
of protons in that particular environment and the peak splitting indicates coupling with other

protons.

The molecular tumbling rate of components within a system can dictate characteristics of the
resultant NMR spectrum, including the degree of line broadening. Environmental and physical
factors, such as temperature and viscosity, can reduce or increase the molecular tumbling within
a solution. Slower molecular motion will decrease the spin-spin relaxation time, responsible for
line broadening (James, 1998; Foster et al., 2007). Line broadening can be related to the spin-

spin relaxation time by equation 1.14:

vi= — (1.14)

where v is line width at half maximum and T>" is the ‘observed’ spin-spin relaxation time
2

which depends on magnetic inhomogeneity.

Since NMR is a non-invasive technique (Hammer, 1998), it is extensively used across different
industrial sectors. The food industry uses NMR for determining the water and fat content in
samples, including the relative proportions of unsaturated or saturated fat, and understanding
structural changes during shelf life (Marcone et al., 2013; Todt et al., 2006). Through using a
similar approach, there is the possibility to use this spectroscopic technique to detect the onset

of surfactant crystallisation.
1.4.5.5 X-ray scattering

Small-angle scattering (SAS), using both neutron and X-rays, is an important technique in the
field of crystallography, where it has been used to study crystal shape, crystallisation kinetics,

degree of crystallinity, polydispersity, size and porosity (Tabor et al., 2009; Bots et al., 2012).
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Solutions of micelles have been extensively studied via the scattering techniques, SANS and
SAXS, to determine micelle shape and confirmation (Lucena et al., 2012; Hammouda, 2013;
Bergstrom and Pedersen, 1999; Lipfert et al., 2007). For example, Vitiello et al. used both
scattering techniques and polarising microscopy to understand the phase diagram of a multi

non-ionic surfactant system that has relevance to the detergent industry (Vitiello et al., 2014).

To perform a SAXS measurement, a monochromatic X-ray beam is first directed at the sample
(Kikhney and Svergun, 2015). Similarly, SANS functions by a similar method, but uses
neutrons as the beam source with the scattering relating to atomic number, rather than electron
density. These techniques complement one another (Blazek and Gilbert, 2011). Scattering from
X-rays tends to have a greater signal to noise ratio and shorter experimental runtimes, compared
to neutron techniques (Hollamby, 2013). However, SANS enables isotopes to be differentiated,
such as hydrogen and deuterium, which is not possible with X-ray scattering. By selectively
deuterating certain components, SANS can be used to gain a detailed insight into structures

(Brasher and Kaler, 1996; Heller, 2010).

During a SAXS experiment, the X-rays released from the source cause the electrons in the
sample to oscillate at the same wavelength. A scattered beam with the same energy as the
incident beam forms a diffraction pattern on the 2D detector (Boldon et al., 2015). The points
are converted to their respective scattering vector, Q, before being radially averaged and plotted
on a 1D plot against intensity (Li et al., 2016). The scattering vector, Q, is related to the

scattering angle, # and wavelength A such that:

4msin®

Q=" (1.15)

The use of the Q function removes the dependency on wavelength, such that a sample which
has been exposed to beams with differing wavelengths should display the same intensity across

the measured Q range in both cases. In the small angle region 26 is scattered between 0° and
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5°. Q is inversely proportional to the distance, d, as displayed in equation 1.16, and this

relationship which is derived from Bragg’s law.

Q=— (1.16)

The measured intensity is described by the scattering law (equation 1.17) and contains

contributions from the form factor P(Q) and structure factor S(Q) (Cosgrove, 2010).

I(Q) = Ap x N x V2 x P(Q)* S(Q) (1.17)

where Ap is the difference in scattering length density between particle and matrix, V is volume

of sample, N is the number of particles, P(Q) is the form factor and S(Q) is the structure factor.

P(Q) is an oscillatory function that depends on the scattering from individual particles and the
corresponding dimensions of the particles. The polydispersity of the particles changes the
maximum and minimum of the oscillations with a greater degree of oscillation observed for
heavily monodispersed samples (Cosgrove, 2010). The shape of the particles also has a strong
influence on the form factor. At high Q, and therefore short distances, Porod’s law states that
the surface fractal dimension dictates the gradient of the slope which ranges between Q —3 and
Q 4, with Q ®and Q ~*arising from rough and smooth surfaces, respectively. When x < 3 for
Q 7, amass fractal is present in the system (Cherny et al., 2014). Below the high Q region, the

slope is characteristic of the internal structure.

The structure factor S(Q) arises from the scattering of the beam from different particles and is
used to understand the particle-particle interactions. However, in dilute suspensions these
interactions are not significant and S(Q) = 1 (Lipfert et al., 2007). In concentrated suspensions,

S(Q) depends on the degree of order in the sample.
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Fitting software can be used determine parameters such as the micelle radii and charge, from
the resulting SAXS profiles (Bressler et al., 2015). In dilute solutions, the radius can be directly
calculated with Guinier’s law without relying on prior knowledge of the shape of the aggregate.

Guinier’s law calculates the particle radius from the gradient of the profile in the low Q region.

Before the 1970s, all SAXS experiments were performed at lab scale where there are limitations
in the resolution. More recently, sources of high energy radiation are provided by synchrotron
facilities, such as the Diamond Light Source, Oxfordshire, UK or ISIS, Oxfordshire, UK
(Svergun et al., 2013). At such sites, the data collection is rapid, ranging from minutes to
milliseconds, so phase transitions can be monitored in situ. Time resolved SAS can be used to
follow transitions over a set period and determine the existence of any intermediate structures
(Tabor et al., 2009). Like NMR, SAS is not a destructive technique (Bréchignac et al., 2008)
and can be used to study samples in different physical states or chemical environments.
Resulting data can be used to detect structural changes occurring during crystallisation and

understand the kinetics of the process.

Further structural insight into crystals can be attained from wide-angle X-ray scattering
(WAXES), also performed at synchrotron sources. With this technique, it is possible to probe
information about the inter-atomic structure including the d-spacing between the crystalline
planes (Blazek and Gilbert, 2011). Time resolved WAXS can be used to understand the

mechanism of the crystallisation and identify intermediary structures (Bots et al., 2012).

1.4.5.6 Comparison between techniques

The techniques outlined in this section are often used in parallel to complement one another, as
is the case with the work presented in this manuscript. All techniques have both advantages and
limitations which may result in one technique being more suitable than another when

investigating a particular property or characteristic. For example, extensive information on
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crystal structure can be acquired from SAXS at length scales that is not possible with other
techniques. Both SAXS and DSC are capable of providing an insight into the kinetics of a
crystallisation process and, in the case of isothermal transitions, the phase change can
subsequently be described by the Avrami equation once the crystalline content has been
calculated form peak area or slices. Furthermore, the effect of different cooling rates and
isothermal temperature conditions can be attained by DSC measurements and SAXS can
provide complementary information regarding changes to the structure or polydispersity of the
crystals. Fast data collection is possible with both these techniques, particularly important when

following phase transitions that have a short timescale.

Studying crystallisation with NMR is not as widely reported as the other techniques. A novel
approach using NMR to determine crystal composition is the focus of Chapter 3. In combination
with SAXS, a detailed insight into the nature of the crystals can be attained. Microscopy
complements these methods since crystallisation can be observed at higher length scales,
typically outside of the range possible with SAXS. Furthermore, it is also possible to observe
the distribution of nucleation sites, which would be challenging with other, non-visual

techniques.

These techniques are used throughout this EngD project to develop an understanding of the
crystallisation process occurring at low temperatures in detergent products, specifically dish

liquid.
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CHAPTER 2

CRYSTALLISATION OF SODIUM DODECYL SULFATE AND
THE CORRESPONDING EFFECT OF 1-DODECANOL

ADDITION

Discussions contained in this chapter have been published within: Summerton, E.,
Zimbitas, G., Britton, M. and Bakalis, S. 2016. Crystallisation of sodium dodecyl sulfate and
the corresponding effect of 1-dodecanol addition, Journal of Crystal Growth, 455, p. 111-116.

Additional details have been introduced to the methodology chapter.

68



Chapter 2 Crystallisation of sodium dodecyl sulfate and the corresponding effect of 1-dodecanol
addition

2.1 Abstract

Sodium dodecyl sulfate (SDS) exhibits crystallisation upon exposure to low temperatures,
which can pose a problem in terms of product stability. In this study, non-isothermal
crystallisation of SDS is investigated via differential scanning calorimetry (DSC) at
concentrations that are typical of those present in many industrial liquid detergents. At different
low temperatures, the crystal structures are analysed with X-ray diffraction (XRD) and it is
concluded that ice formation during the surfactant crystallisation process occurs below 0 °C.
The capability of the alcohol precursor, 1-dodecanol, as a seeding material for SDS
crystallisation is also investigated through the use of DSC and optical microscopy. These results
show that 1-dodecanol can successfully act as a seed for SDS crystallisation. Upon cooling an
SDS aqueous system, the crystallisation peak in the DSC thermogram shifts to a higher
temperature in the presence of 1-dodecanol. Therefore, any remnant alcohol precursor in
surfactant-based formulations could have a negative impact on the product stability upon

exposure to cold climates.

2.2 Introduction

The leading players in the fast-moving consumer goods (FMCG) industry provide over 400
brands worldwide and involve products being sold on a short timescale at a relatively low cost.
The FMCG industry can be further subcategorised into separate sectors including food and
beverages, personal care, homecare and beauty care. New products are added to the portfolios
on a regular basis in order to maintain market leadership. The forecasted revenue for 2021 for
the laundry care and detergent sector is $39. 86 billion (Markets, 2016) with a compound
growth rate of 5.3 %, illustrating the sheer size of this particular industry. Within this sector,
each brand is manufactured to specific consumer requirements in terms of supply volume and

packaging material. Depending on the product formulation and nature of the local consumer
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market, the volume supplied can range from millilitres to litres. However, at all product scales
it is an essential requirement that the formulation demonstrates stability during the stages of
manufacture, transport and the subsequent shelf life (Chantraine et al., 2006), with a two year
shelf life period commonly expected for the majority of homecare brands. This is particularly
challenging for liquid products in regions where there is potential exposure to cold climates.
Under such temperature conditions, there can be a risk of surfactant crystallisation, which, in
turn, can affect product appearance. Within the detergent industry there are stability test
methods in place to predict and minimise crystallisation failures (Lai, 1996). Since the detergent
and laundry care industry continues to expand globally, there a need to further broaden
knowledge of surfactant crystallisation. This understanding will enable product stability and

the accompanying test methods to be further optimised.

Typical liquid detergent formulations have a complex composition, with surfactants and water
as the major components, alongside other additives such as perfumes, dyes and preservatives.
The surfactants are essential in providing the necessary functions of detergent products through
their cleaning and foaming properties. These formulations tend to contain a variety of different
surfactants, with some of anionic nature and others that exhibit non-ionic behaviour at the pH
of liquid detergents. It is this combination that provides the optimum characteristics. The major
component is the anionic surfactants, which exhibit excellent soil removal properties and come
at a relatively low cost (Lai, 1996). However, the minor presence of non-ionic surfactants is
also important due to their foaming ability and low temperature stability properties. Sodium
dodecyl sulfate (SDS) (Amante et al., 1991; Stellner et al., 1988) and N, N-
dimethyldodecylamine N-oxide (DDAQO) (Kume et al., 2008) are examples of widely used

anionic and non-ionic surfactants, respectively.

Above the critical micelle concentration (CMC), surfactant and mixed surfactant systems can

form micellar aggregates. This concentration can be determined by conductivity and surface
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tension measurements (Mandavi, 2008). Aside from concentration, temperature also plays an
important role in the process. The minimum temperature that is required for micelle formation
is termed the Krafft temperature. Below this point, aggregates cannot form and there is a risk
of surfactant crystallisation. The Krafft temperature of an aqueous ionic surfactant system can
be lowered upon addition of a non-ionic surfactant (Stellner and Scamehorn, 1989; Stellner and
Scamehorn, 1986). The non-ionic surfactant inserts into the aggregates and reduces the
repulsion between the charged head groups, resulting in non-ideal micelles. Thus, the degree of
micellisation increases and the CMC is reduced. The solubility product of the surfactant salt no
longer equals the product of surfactant monomer concentration and counterion concentration.
As a result, a lower temperature is required for crystallisation to occur. Aside from the addition
of non-ionic surfactants, the structural features of the surfactant can also influence its Krafft
temperature. In 1991, Gu et al. investigated the structural variability relationship with Krafft
temperature, providing an empirical formula for the Krafft temperature dependency (Gu and

Sjoblom, 1992).

The crystallisation of surfactants consists of two processes: nucleation and crystal growth
(Vedantam and Ranade, 2013). Nucleation can be defined as the start of the phase transition
where surfactant molecules aggregate into clusters constituting the nuclei. (Vedantam and
Ranade, 2013) Crystals will only grow from nuclei above a critical radius. The rate of
nucleation is the limiting factor at the beginning of the crystallisation process. As the amount
of nuclei increase, the rate of the phase transition also increases and then subsequently slows
towards the end of the phase transition as the newly crystallised phase provides a boundary for

the further growth. A S-shaped rate profile is typical for such systems (Tiller, 1991).

In the literature, there are relatively few reports regarding the crystallisation of SDS solutions,
despite the importance of sulfated surfactants in the detergent industry. In 2001, Smith et al.

reported the crystallisation transitions for a SDS solutions over a range of concentrations up to
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a maximum of 20 wt. % SDS. This investigation employed various techniques, including
differential scanning calorimetry (DSC) and turbity measurements (Smith et al., 2001; Smith
et al., 2004). Their work also considered the morphology of the SDS crystals. This was further
investigated by Chantraine et al. using X-ray diffraction (XRD), Raman spectroscopy and
scanning electron microscopy (SEM) (Chantraine et al., 2007). Crystallisation studies of other
single surfactant systems are limited in the literature; Fu-Gen Wu et al. investigated the cooling
crystallisation of the cationic surfactant cetyltrimethylammonium bromide (CTAB) to provide
further knowledge regarding the various metaphases (Wu et al., 2012). The mechanism and
accompanying Kinetics of the crystallisation were examined via the use of optical microscopy
and DSC. The work of De Anda et al. on the crystallisation of glutamic acid emphasises the
importance of image analysis when determining a mechanism and associated morphological
changes in the structural conformation (De Anda et al., 2005). In addition to single surfactant
systems, crystallisation of anionic and non-ionic surfactant mixtures is also a field with few

publications (Stellner and Scamehorn, 1986; Stellner et al., 1988; Shiau et al., 1994).

Aside from additional surfactants, other components can affect the crystallisation of an ionic
surfactant. For example, the presence of short and long chain alcohols can influence
crystallisation behaviour. SDS is manufactured from its alcohol precursor, 1-dodecanol,
through sulfation under a selected set of conditions (Dierker and Schafer, 2010). During the
manufacturing process, incomplete conversion results in some 1-dodecanol remaining in the
solution. Investigations into SDS and 1-dodecanol mixtures are limited with one example being
a study into the development of a model distinguishing between the presence of SDS and 1-
dodecanol via surface tension isotherms (Kralchevsky et al., 2003). Earlier studies have focused
on the structural effects that short chain alcohols and phenols have on SDS complexes. These
investigations used small angle neutron scattering (SANS), XRD and pulsed field nuclear

magnetic resonance (NMR) (Forland et al., 1998; Hirata and limura, 1998). In a separate study,
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the thermodynamic properties of SDS solutions mixed with various short chain alcohols were
used to support the hypothesis of a hydrogen bonding interaction between the two components
(Motin et al., 2015). Longer chain alcohol addition to SDS solutions results in a lowering of the
Krafft temperature upon dissolution of small quantities of hexanol, heptanol and octanol
(Nakayama et al., 1966). However, an investigation into Krafft temperature variation for an
SDS solution upon addition of 1-dodecanol does not seem to appear in the literature, despite it

being the alcohol precursor.

In this chapter, SDS crystallisation will be discussed for a range of aqueous SDS concentrations
which are typical of dish liquid products supplied by industrial manufacturers. An
understanding of surfactant crystallisation is vital when controlling and improving the low
temperature stability test methods for detergent products. The understanding of SDS + alcohol
aqueous systems is the focus for the second part of the study where the effect of 1-dodecanol

addition on SDS crystallisation will be reported.

2.3 Materials and methods

Experimental work involved initial preparation of the surfactant solutions followed by exposure
to cooling and heating cycles to enable crystallisation and subsequent melting to occur. These

processes were monitored through a variety of techniques, which are described below.

2.3.1 Materials

SDS was purchased from Fischer Scientific (> 97.5 %). Aqueous solutions of SDS in the
concentration range 10 - 30 wt. % were used throughout the study with 20 wt. % as the main
system of interest. All solutions were freshly prepared with distilled water so as to minimise

deviations due to hydrolysis.
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1-dodecanol was purchased from Sigma Aldrich (> 98 %). Its melting point is approximately
24 °C so it exhibits extremely low aqueous solubility at room temperature. 1-dodecanol was

present in a 5 wt. % concentration in the surfactant solutions.

2.3.2 Methods

2.3.2.1 Differential scanning calorimetry

Thermograms of the SDS solutions were obtained through use of a Sentaram micro DSC with
distilled water as the reference sample. For each sample run, approximately 70 mg of the sample
and reference were measured into their respective cells and placed into the DSC furnace
chamber. The instrument measures the difference in heat flow between the two respective cells

(Thomas, 2005). Each experiment was repeated a minimum of two times.

The lowest available cooling and subsequent heating scan rate of 0.1 °C/min was utilised
throughout the non-isothermal DSC studies. The upper temperature was in the range 30 °C to
40 °C with the lower limit being -5 °C. A 20-minute holding time was applied at the maximum

and minimum temperature points.

Having investigated the crystallisation kinetics of SDS aqueous systems, the addition of 1-
dodecanol into the system was then studied via DSC. Due to its low solubility, 1-dodecanol was
added directly into the DSC furnace cell. DSC thermograms of SDS, 1-dodecanol and SDS +
1-dodecanol agueous systems were compared. Shifts in crystallisation and melting temperatures
were recorded, with the results being discussed in terms of the characteristics of the alcohol
surfactant system. The scan rate used for these experiments was also 0.1 °C/min. Thermal

analysis of the data was performed using the Calisto processing software package.
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2.3.2.2 Optical microscopy

An optical microscope, model Leica Z16 APOA, was coupled with a Linkam LTS120 Peltier
stage and used to observe the crystallisation phase transition of a 3 g sample of a 20 wt. % SDS
solution in the absence and presence of 1- dodecanol addition. A 1 °C/min cooling rate was
used. Limitations in the microscope and Peltier stage equipment meant that it was not possible
to venture below this cooling rate with this method. Despite the differences in experimental
cooling rates between DSC and optical microscopy measurements, comparisons could still be
made between the two techniques as to the overall effect of 1-dodecanol addition. A petri dish
was used to contain the samples. After calibration, the image sequence was optimised using
Image J. Microscope settings were selected using the software platform Micro-Manager and

are captured in Appendix A.

2.3.2.3 X-ray diffraction (XRD)

A powder diffractometer, model Siemens D5000, was used in combination with a cyropad to
obtain diffraction patterns for 20 wt. % SDS solutions upon crystallisation at various low
temperatures, namely 0 °C and —20 °C. 1.5 mm borosilcate glass capillaries were filled with
the respective solution to a level of approximately 4 cm. The capillary was then attached to the
base and aligned before being inserted into the diffractometer. Subsequently, the capillary
solution was cooled consecutively to the selected temperatures at the maximum cooling rate of
8 °C/min. At each temperature, a hold time of 15 minutes was programmed prior to
measurement. A step of 0.015° and a step time of 0.4 seconds were used. 26 was investigated

between 5° and 30°. The resulting diffraction pattern was viewed using EVA software.
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2.4 Results and discussion

Characteristics of SDS and SDS + 1-dodecanol systems at low temperatures were investigated.
Particular areas of interest include the variation of crystallisation temperature with

concentration and the nature of the crystals.

2.4.1 Effect of concentration on crystallisation temperature
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Figure 2.1. DSC (a) cooling thermogram and (b) heating thermogram for a 20 wt. % SDS

solution attained at a scan rate of 0.1 °C/min.
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Figures 2.1(a) and (b) display typical DSC thermograms for a 20 wt. % SDS solution when
exposed to a cooling and a subsequent heating cycle. Upon cooling one exothermic peak is
observed for all concentrations, with the peak maxima relating to the crystallisation temperature
and the area to the enthalpy in J/g. With regards to the heating cycle, a broad peak is typically

observed at all concentrations.
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Figure 2.2. Plot showing the crystallisation temperatures of various SDS aqueous solutions

versus the concentration of SDS.

Figure 2.2 displays the variation in crystallisation temperature with SDS aqueous concentration.
Up to 20 wt. % - 23 wt. %, a linear correlation between SDS concentration and crystallisation
temperature is attained. Beyond this concentration range, the variability in crystallisation
temperature is minimal. The temperature that crystallisation can occur in such a system can be
affected by both kinetic and thermodynamic effects. Melting transitions are largely driven by
an entropic thermodynamic effect whereas nucleation and crystal growth are more likely
dependent on kinetic effects. The rate of the crystallisation, and hence the temperature of phase
transition, is governed by the nucleation and subsequent crystal growth (Vedantam and Ranade,
2013). During nucleation surrounding surfactant molecules collide and form clusters. If these

clusters exceed a critical radius, they can then grow into crystals. When the SDS concentration
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is below 20 - 23 wt. % the limitation factor is likely the collision frequency. As the concentration
is increased the collision frequency increases, and hence the nucleation time is reduced.
However, beyond a 20 - 23 wt. % concentration the crystallisation temperature remains
approximately constant, indicating that crystallisation only occurs below 15 °C. This is known
as the Krafft temperature (Vautier-Giongo and Bales, 2003). Beyond this temperature, the

solution can form micellar aggregates eliminating any possibility for crystallisation.
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Figure 2.3. Plots of SDS concentration against the enthalpy of crystallisation in (a) J/g of

surfactant solution and in (b) J/g of SDS for the various surfactant solutions.
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Figures 2.3(a) and (b) display plots for the enthalpy in J/g of solution and in J/g of SDS for the
various aqueous systems. As deduced from Figure 2.3(a), the enthalpy of the overall system
increases with concentration of surfactant. This is attributed to the amount of SDS per gram of
solution. This is further evident from the plot in Figure 2.3(b) where the enthalpy remains

approximately constant.

2.4.2 Composition of the crystals

The crystallisation of a 20 wt. % SDS solution was further investigated by XRD, which enables
one to infer information about the crystal structure. In Figure 2.4, the black line and red line
correspond to XRD patterns obtained at the sample temperatures of 0 °C and —20 °C

respectively.
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Figure 2.4. X-ray diffraction pattern for a 20 wt. % SDS solution taken at hold temperatures of
0 °C (black line) and —20 °C (red line) with the blue lines highlighting those peaks that can be

matched to ice.

The powder diffraction patterns at the two respective temperatures overlap with each other,
with the exception of three additional peaks in the —20 °C pattern. These additional peaks are

matched to ice and assigned the blue lines in Figure 2.4 (Malkin et al., 2012). Hence, it is
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possible to deduce that ice does not appear at 0 °C but it is present when the sample temperature
is lowered to —20 °C. DSC measurements agree with this finding since no ice formation is
evident when the lower temperature limit is =5 °C. However, if the cooling cycle is taken to
lower temperatures, the DSC thermogram displays a peak for water freezing at —10 °C. Aside
from the ice peaks the remaining peaks in the two XRD patterns match, indicating there is no

structural change between the two SDS crystal structures.

2.4.3 Dodecanol addition

Having discussed non-isothermal SDS crystallisation, the presence of its alcohol precursor on
the kinetics will now be considered. Remnant alcohol precursors may be present in some
detergent products as a result of incomplete conversion to their respective sulfated surfactants.
Although the percentage of this impurity will be minimal, the 1-dodecanol used in this
investigation was set at a 5 wt. % concentration as a result of practical laboratory limitations.
Despite being at a slightly higher concentration than found in industry, the behaviour in this

system is expected to be indicative of the influence of 1-dodecanol.

It is possible to determine the change in crystallisation and subsequent melting temperatures
upon addition of 1-dodecanol through the appearance of any peak shifting in the DSC
thermogram. From the red line in Figure 2.5 it can be deduced that SDS crystallises at 13 °C
when no other excipients, except water, are present. The black line is for an aqueous solution
of 1-dodecanol in the absence of SDS. A crystallisation temperature of 24.4 °C and a lower
peak at 9.2 °C is observed for this solution (Zuo et al., 2011). The peak at 24.4 °C has a
distinctly different shape to other peaks in the same region which can be attributed to the order
of the phase transition. The peak at 24.4 °C can be related to the crystallisation of the alcohol
alone (Zuo et al., 2011), but the lower peak must relate to an alcohol-water phase, since these

are the only two components present. Finally, the blue line is for a mixed SDS + 1-dodecanol
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aqueous system. In the mixed system there are also peaks below 10 °C that may also correspond

to the water-alcohol phase for in the 1-dodecanol aqueous system.
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Figure 2.5. (a) DSC thermograms for SDS, 1-dodecanol and mixed SDS + 1-dodecanol

aqueous systems; (b) is an enlarged image of the area contained within the box in (a).

At the higher temperature end, the SDS + 1-dodecanol system displays two overlapping peaks

located at 20.2 °C and 23.5 °C. The hypothesis is that 1-dodecanol acts as a seed for the

81



Chapter 2 Crystallisation of sodium dodecyl sulfate and the corresponding effect of 1-dodecanol
addition

crystallisation of SDS. Seeds tend to be effective if they are of the correct size and have a similar
chemical composition or structure to the sample to be crystallised in situ, as is the case of SDS
with 1-dodecanol (Cacciuto et al., 2004). The existence of two peaks may likely be due to a
SDS + alcohol polymorph and the subsequent higher peak can be attributed to excess 1-
dodecanol. Repeated cycles eliminate the additional higher peak with the remaining overall
peak shifting to the right. Upon repeat of the cycle the system has more time to pack into an
optimum structure so as to incorporate the added 1-dodecanol in a co-crystal formation. Co-

crystal formation is attributed to the similar structural properties between the two components.

Although the focus of this paper has been on the crystallisation phase transitions of SDS and
SDS + 1-dodecanol systems it is important to include the effect of 1-dodecanol on the melting
transition, as acquired by DSC studies. Figure 2.6 displays the melting transition for a 5 wt. %
aqueous solution of 1-dodecanol (black line), 20 wt. % SDS (red line) and a combined SDS +
1-dodecanol system (blue line) as they are exposed to a heating cycle from -5 °C at a consistent

scan rate of 0.1 °C/min.
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Figure 2.6. DSC thermograms for the melting transitions that occur for an aqueous solution of
20 wt. % SDS (black line), 5 wt. % 1-dodecanol (red line) and a mixed alcohol + SDS system
(blue line) on heating from -5 °C to 40 °C at a scan rate of 0.1 °C/min.
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Aqueous 1-dodecanol exhibits two sharp melting peaks upon heating. From data previously
reported (Zuo etal., 2011), it is known that a pure 1-dodecanol system exhibits only one melting
peak at 17.6 °C, as matched to one of the peaks in Figure 2.6. Appearing at approximately
25 °C, the other peak for the aqueous 1-dodecanol system is attributed to a 1-dodecanol + water
phase since these are the only components present. The two peaks from the aqueous 1-
dodecanol system demonstrate a sharp overlap with two from the mixed alcohol + SDS system.
Hence, these peaks in the mixed system can be assigned to the same phases. The remaining
peak in the SDS + 1-dodecanol system has a maximum in excess of 30 °C. It can be concluded
that the SDS aqueous system melts over a wider and lower temperature range when 1-dodecanol
is not present. In addition to facilitating the crystallisation of SDS at a higher temperature, 1-
dodecanol also stabilises the crystal, enabling it to remain in crystalline form to a higher

temperature point.
2.4.4 1-dodecanol SDS crystallisation trigger mechanism

From DSC studies, it is inferred that the 1-dodecanol facilitates the crystallisation of SDS. It
has been hypothesised that such a phenomenon is due to the low solubility of 1-dodecanol.
Short chain alcohols have been reported to insert into, and stabilise, micelles (Nakayama et al.,
1966) . However, 1-dodecanol is immiscible in an SDS aqueous solution. Insoluble globules
are only observed when 1-dodecanol is added to the surfactant solution, suggesting the
composition of these features is 1-dodecanol. These insoluble 1-dodecanol globules can act as
seeds for crystallisation due to the similarity in the structure between 1-dodecanol and SDS.
The size of these globules (1 -2 mm) is similar to impurities such as other remnant alcohols or
foreign matter that may reside in the final dish liquid product. Through optical microscopy, it
is possible to further determine the mechanism by which this occurs, as in the image sequence

provided in Figure 2.7.
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Figure 2.7. Optical images for a 20 wt. % SDS + 5 wt. % 1-dodecanol aqueous solution upon

cooling, taken at a selection of temperatures.

On cooling the mixed system, crystallisation of the globules themselves is initially observed
with subsequent crystallisation of the surrounding SDS. These images clearly demonstrate the
seeding capability of 1-dodecanol on SDS solution. Further experiments are also in agreement.
The crystallisation appearing in the top left of the images is a result of crystallisation
surrounding another globule. On further cooling, complete crystallisation of the system is
observed at approximately 23 °C. When examining 20 wt. % SDS systems without the addition
of 1-dodecanol and at the same cooling rate and system volume, crystallisation is not observed

until 7 °C with complete crystallisation occurring at 0 °C.

2.5 Conclusions

The crystallisation of aqueous SDS systems upon cooling was observed via DSC and optical
microscopy. Results indicate the crystallisation temperature is dependent on SDS
concentration, specifically for concentrations below 20 wt. % where a linear increase in

crystallisation temperature with concentration is observed. This linear relationship is likely to
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be due to an increased nucleation rate. At higher SDS concentrations, crystallisation occurs
immediately as the Krafft temperature is reached. XRD studies further support the existence of
crystallisation of the SDS system and suggests ice is formed in this anionic surfactant system

upon further cooling of the system below 0 °C.

Knowledge of the effect of 1-dodecanol on SDS crystallisation provides understanding for the
potential of unsulfonated material for inducing crystallisation. Due to the seeding potential of
1-dodecanol, shifts in the phase transition temperature are observed during both the cooling and

subsequent melting process.

Understanding the phase transitional behaviour in SDS has allowed for an increased
understanding in one of the most widely used surfactants in the detergent industry. For the first
time, the effect of its alcohol precursor is demonstrated to have a profound effect on the
crystallisation and subsequent melting in such systems. This is of specific industry importance
when there is a risk of some remnant alcohol precursor remaining in a surfactant system that

could have a negative effect on stability.
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CHAPTER 3

NUCLEAR MAGNETIC RESONANCE AND SMALL-ANGLE
X-RAY SCATTERING STUDIES OF MIXED SODIUM
DODECYL SULFATE AND N,N-
DIMETHYLDODECYLAMINE N-OXIDE AQUEOUS

SYSTEMS PERFORMED AT LOW TEMPERATURES

Discussions contained in this chapter have been published within: Summerton, E.,
Hollamby, M. J., Le Duff, C. S., Thompson, E. S., Snow, T., Smith, A. J., Bettiol, J., Jones, C.,
Bakalis S. and Britton, M. M. 2019. Nuclear magnetic resonance and small-angle X-ray
scattering studies of mixed sodium dodecyl sulfate and N,N-dimethyldodecylamine N-oxide

performed at low temperatures, Journal of Colloid and Interface Science, 535, p. 1-7.
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3.1 Abstract

With the rising global demand for homecare products, understanding the factors that influence
formulation stability is of increasing importance. At low and sub-zero temperatures (< 10 °C)
there is a risk of surfactant crystallisation in dish liquid products, resulting in a turbid solution
that fails appearance criteria. To enable industry to build more robust formulations, it is
important to understand the underlying chemistry of the crystallisation process. Here, a model
system containing anionic (sodium dodecyl sulfate, SDS) and amphoteric (N,N-
dimethyldodecylamine N-oxide, DDAO) surfactants, at concentrations typical of dish liquid
products, is studied. Variable temperature 'H nuclear magnetic resonance (NMR) spectroscopy
and small-angle X-ray scattering (SAXS) are used to probe the compositional and structural
properties of this system, as a function of pH. On cooling, at pH 9, a mixture of hydrated
crystals, predominately composed of SDS, and micelles containing both surfactants, have been
observed prior to complete freezing. At pH 2, both surfactants appear to undergo a simultaneous
phase transition, resulting in the removal of micelles and the formation of hydrated crystals of

mixed composition.

3.2 Introduction

Home and personal care products are used on a daily basis by consumers across the globe.
Consequently, they are exposed to a variety of different environmental climates that can cause
problems with product stability. In particular, low temperatures cause stability issues for liquid
detergent products that are prone to surfactant crystallisation. While crystallisation is reversible,
it is considered a product failure. Such failures can occur at any point during the product

lifecycle, including transport and shelf life stages. To improve the formulation stability and to
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minimise the failure rate, it is important to build an improved understanding of surfactant

crystallisation in these systems.

Common liquid detergents typically contain a mixture of anionic and amphoteric surfactants in
an aqueous formulation (Kume et al.,, 2008) to optimise soil removal and foaming
characteristics. Anionic surfactants are the major surfactant component and are cheap, efficient
at removing soils and are largely responsible for the high foaming characteristics of the
detergent (Holmberg et al., 2003). The most commonly used anionic surfactant in liquid
detergents is sodium dodecyl sulfate (SDS) (Dierker and Schafer, 2010). While amphoteric
surfactants comprise the minor surfactant component, they also play an important role by
increasing the tolerance of the detergent to increased water hardness (Stellner and Scamehorn,
1989). Common amphoteric surfactants found in liquid detergents are those based around the
amine oxide functional group. One example of this is N,N-dimethyldodecylamine N-oxide
(DDAO). At pH < 5, DDAO is protonated and behaves as a cationic surfactant, whereas at pH
> 5 it is non-ionic (Rathman and Christian, 1990; Herrmann, 1962). In hand-dishwashing
detergent products, commonly referred to as dish liquid, the typical pH is sufficiently high that

amine oxide-based surfactants exhibit non-ionic surfactant-like behaviour.

In mixed micelles containing SDS and DDAO, the surfactant headgroups strongly interact,
leading to a reduction in the critical micelle concentration, CMC, versus that of either surfactant
alone (Goloub et al., 2000). Ion pairs form between the two surfactants which stabilise the
mixed micelles through a shielding of the electrostatic repulsion between the SDS headgroups
by those of DDAO (Goloub et al., 2000). Moreover, it is believed that the presence of SDS
causes DDAO protonation to occur at a higher pH than that of pure DDAO (Soontravanich et
al.,2008; Goloub et al., 2000). Combining these surfactants is also expected to lower the Krafft
temperature, Tk, in comparison to a pure SDS solution. This reduction in 7k can be attributed
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to the lower CMC (Fan et al., 1988) of the system and the formation of non-ideal mixed micelles

(Scamehorn, 1986). With DDAO present in the solution there is an increased tendency for
micellisation, resulting in a decrease in the concentration of SDS monomers and unbound

counterions and consequently a decreased tendency for crystallisation.

Studies into the crystallisation of mixed surfactant systems have been carried out to some
extent, but there remains limited literature reporting the nature of the precipitate (Stellner and
Scamehorn, 1989; Soontravanich, 2007). For example, HPLC was used to determine the
composition of the precipitate formed when the non-ionic surfactant nonylphenol ethoxylate
(NPE) was added to SDS and found that NPE was not present in the precipitate (Stellner and
Scamehorn, 1989). Furthermore, the composition of the precipitant from a bi-anionic surfactant
system containing the surfactants SDS and sodium octylbenzene sulfonate (SOBS) has also
been investigated via X-ray diffraction (XRD) (Soontravanich, 2007). In the mixed sample, two
sets of peaks were observed with 26 values corresponding to pure SDS and SOBS crystals,
suggesting that mixed crystals were not formed. Aside from these studies, there are few reports

regarding the composition of the precipitant formed from mixed surfactant systems below Tk.

Two techniques which can provide further compositional and structural insight into the
crystallisation of mixed surfactant systems are temperature-resolved nuclear magnetic
resonance (NMR) and small-angle X-ray scattering (SAXS). While there are few NMR studies
of surfactant crystallisation from micelles, it has been used to follow the nucleation and freezing
of individual components during the crystallisation of some emulsions (Hindmarsh et al., 2004)
and food materials (Gallo et al., 2003; Kolz et al., 2010) by monitoring the change in individual
NMR signals as a function of time. On the other hand, several studies have used SAXS or small-
angle neutron scattering (SANS) to provide structural insight into various phase transitions,
(Hollamby, 2013; Tabor et al., 2009; Wu et al., 2010) and to probe the structure and
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composition of micelles in dilute systems of both pure and mixed SDS and DDAO (Kakitani et

al., 1995; Hammouda, 2013).

In this paper, NMR has been used to observe the crystallisation of a mixed micelle system,
comprising SDS and DDAO surfactants, in water. NMR parameters for the two surfactants
were monitored as the solution was cooled from 25 °C to -3 °C, at pH 9. By comparing the
change in relative peak intensity for the two surfactants, it was possible to identify the crystal
composition formed in this mixed micelle system. SAXS was used to probe the structure of the
systems at room temperature and at 0 °C. Furthermore, a difference in the behaviour was
observed upon lowing the pH of the system. By combining results from these complimentary
techniques, it has been possible to build a clearer picture of both the structure and composition

of the phases that form in these systems under both pH environments.

3.3 Materials and methods

3.3.1 Materials

Surfactant solutions were prepared from DDAO (Sigma Aldrich, 30 wt. % in water) and SDS
(Fisher Scientific, 97.5 %) which were used without further purification. Binary surfactant
solutions were prepared with 20 wt. % SDS and 3 wt. % DDAO in distilled water, for SAXS
and WAXS measurements, and in D>O (Sigma Aldrich, 99.9 %), for NMR measurements. A
correction has been made to account for the density difference between D>O and H>O so that
the molar surfactant concentration remains the same. A pure solution of 20 wt. % SDS solution
was also prepared. Solutions were stirred for 15 minutes at ambient temperature and then left
for 24 hours. The pH of both the 20 wt. % SDS + 3 wt. % DDAO solution and 20 wt. % SDS
solution were approximately pH 9. A second binary solution of 20 wt. % SDS + 3 wt. % DDAO

solution was also prepared at pH 2 using a solution of 35 wt. % DCI in D,0O, for NMR
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measurements, or 0.5 M HCI in H2O, for SAXS measurements. The pH was measured using a

Meter Toledo pH meter.

3.3.2 Methods

3.3.2.1 Variable temperature NMR

NMR measurements were performed using Wilmad Precision 5 mm NMR tubes and a Bruker
AVANCE spectrometer equipped with a 9.4 T vertical bore magnet, operating at a 'H resonance
frequency of 400.13 MHz and fitted with a 5 mm BBO probe. Sample temperature was
controlled using BVT3200 and low temperatures were obtained using evaporating liquid N»
and a heater inside the probe. Samples were allowed to equilibrate at each temperature for a
minimum of 30 minutes. Spectra at each temperature were acquired using a 90 *pulse sequence,
[90°-acq]. A spectral width of 8 kHz was used and 32k complex data points were acquired. 64
signal averages were acquired with a repetition time of 15 s. The repetition time used was
greater than 577 for the protons in the SDS and DDAO surfactants. 7; values are provided in

Appendix B.

At pH 9, 'H NMR spectra were acquired at the following temperatures: 25 °C, 20 °C, 15 °C,
13°C, 10°C, 5 °C, 0 °C and -3 °C. Under a pH 2 environment '"H NMR spectra were acquired
at7.5°C,5°C,0°C,-3°C,-5°C, -8 °C and —10 °C, corresponding to the range over which
the phase transition occurs. Spectra were processed using TopSpin (v.3.5). The NMR spectra
for the individual SDS and DDAO systems, at pH 9, were acquired at 25 °C and the respective
"H NMR signals assigned to the proton environments of the two surfactants (see Appendix B).
H; (SDS) was set at 3.7 ppm at 25 °C, determined from SDS in DMSO-ds (SDBS, 2018), and
remaining spectra were adjusted with respect to this. The NMR signals for the SDS and DDAO

surfactants were determined using the peak intensities for the Hi and Ha protons, respectively.

94



Chapter 3 Nuclear magnetic resonance and small-angle X-ray scattering studies of mixed sodium
dodecyl sulfate and N,N-dimethyldodecylamine N-oxide aqueous systems performed at low
temperatures

Changes in intensity were plotted in Origin (v.9.0) with error bars determined from repeated

measurements.

3.3.2.2 Small angle X-ray scattering

Small angle scattering (SAXS) data was obtained using the 122 beamline at Diamond Light
Source. Samples were loaded into 1.8 mm (internal diameter) and 2.0 mm (external diameter)
polycarbonate capillaries and mounted in the beam within the Linkam DSC600 capillary stage,
which also provided temperature control (at 24 °C and 0 °C, with an applied cooling rate of
19 °C/min). A 12.3989 keV (A =0.099987 nm) beam was used with a sample-detector distance
of 6702.56 mm, providing a detectable O-range on the SAXS detector of order 0.02 — 2.5 nm™!
and 1.51 —60.57 nm™!' on the WAXS detector. Data processing was performed using the DAWN
package (van der Veen, 2015; Filik et al., 2017) and a set of pipelines developed at Diamond
Light Source. Before processing, uncertainty estimates based on Poisson counting statistics
were added to all measurement data, which were subsequently propagated through the image
correction steps. Each raw background measurement was corrected for the following in order:
masking pixels, time, incident beam flux, and transmission. Each sample file was corrected for
the following in order: masking pixels, time, incident beam flux, transmission, background,
thickness, and scaled to absolute units. The scaling factor for scaling to absolute units was
determined using a calibrated glassy carbon sample (Zhang et al., 2010). After this correction,
the data was azimuthally averaged, with the resulting uncertainty assuming the largest of: 1)
the propagated uncertainties, 2) the standard error of the mean for the data points comprising a

bin, or 3) 1% of the mean intensity in the bin.

The data at 24 °C was analysed using the SASfit software package (Bressler et al., 2015). There
i1s some discussion in the literature concerning whether SDS micelles are oblate or prolate

ellipsoids (Kakitani ef al., 1995; Bergstrom and Pedersen, 1999; Vass et al., 2008; Garg et al.,
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2005; Hammouda, 2013). The two options are difficult to distinguish using scattering

techniques, but the prolate model is considered to be more appropriate in denser systems (Vass
et al., 2008). Several small-angle scattering studies, including one that focused on mixed
micelles comprising SDS and DDAO (Kakitani et al., 1995) have favoured the prolate shape.
Consequently, a model comprising a delta distribution of charged core-shell prolate ellipsoids,
as outlined in the supporting information, was used to analyse the data. A breakdown of the
S(Q) and P(Q) contributions to the overall fit is shown in Appendix C, Figure C.1 and the

analysis parameters are provided in Table C.1.

The data at 0 °C for both the pure SDS solution and the mixed SDS + DDAO system was also
analysed using SASfit (Bressler et al., 2015) in both cases using a simple model comprising
contributions from one or more Bragg peak(s), the power law and the background scattering
(see details in Appendix C). For the 20 wt. % SDS + 3 wt. % DDAO sample, an additional
contribution of delta distribution of charged core-shell prolate ellipsoids was added, to account

for the increased /(Q) at high Q.

3.4 Results and discussion

Figure 3.1 displays a series of "H NMR spectra acquired from 25 °C to —3 °C, with an expansion
of the region between 2.6 - 4.0 ppm, for the mixed SDS + DDAO system at pH 9. The change
in peak intensity as a function of temperature for the protons H; (SDS) and H. (DDAO) under

this pH environment is presented in Figure 3.2.
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Figure 3.1. 'H NMR spectra at 500 MHz of a 20 wt. % SDS + 3 wt. % DDAQO system upon
cooling at pH 9 across the chemical shift range (a) 0 - 5 ppm and (b) 2.3 - 4.0 ppm. The boxed
area in (a) corresponds to the chemical shift range presented in (b). Proton resonance H; (SDS)

is at 3.67 ppm and H, (DDAO) is at 2.83 ppm (25 °C). A full spectral assignment can be found

in Appendix B.
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Figure 3.2. Plot of the peak intensity for H; (SDS) and H, (DDAQO) upon cooling at pH 9. The

normalised intensities, for both peaks, include a slight baseline offset.
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At pH 9, there is a significant drop in the peak intensity of the '"H NMR signal of H; (SDS)
between 10 °C and 13 °C. A similar trend is not observed for H. in DDAO. Although the peak
intensity of the Ha (DDAO) also exhibits a reduction in peak intensity, the drop between 10 °C
and 13 °C is not as significant as Hi (SDS). Instead, the intensity tends to decrease at consistent
rate. In contrast, at pH 2, both surfactants display a sharp drop intensity between —5 °C and
-3 °C (Figure 3.3). There is a change in the chemical shifts for the H, (DDAO) peak, compared
to the H; (SDS) peak at pH 2, because of the change in environment experienced by these
protons when the headgroup is protonated (Vijay et al., 2009; Gaikar et al., 2008; Bhat and
Gaikar, 1999). In addition, at pH 2, there are a greater number of peaks in the region of interest,

attributed to interaction between the two charged surfactant species resulting in further proton

environments.
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Figure 3.3. '"H NMR spectra at 500 MHz of a 20 wt. % SDS + 3 wt. % DDAO system upon
cooling at pH 2 across the chemical shift range (a) 0 - 6 ppm and (b) 3.0 - 4.0 ppm. The boxed
area in (a) corresponds to the chemical shift range presented in (b). Proton resonance H; (SDS)

is at 3.67 ppm and H, (DDAQO) is at 3.35 ppm (7.5 °C).
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In Figure 3.4, the SAXS profiles, at 24 °C and 0 °C, for the mixed system are compared to the
corresponding profiles for a pure SDS system. In Figure 3.4(a), a cropped Q-range is shown
due to the high error in the low O (< 0.8 nm™!) part of the data arising from the weak sample
scattering versus background compounded by a high sample volume fraction. The data,
collected at 24 °C, is characterised by two merged maxima resulting from a form factor, P(Q)
corresponding to the electron-dense micelle shell and a structure factor, S(Q) arising from the
0O micelle charge. The addition of DDAO causes a shift in the low Q maxima to a lower Q.
Cooling both samples to 0 °C results in a notable change in the SAXS data, shown in Figure
3.4(b). For the 20 wt. % SDS sample, an increase in /(Q) at low Q is observed followed by a
region over which /(Q) « O™ and a Bragg peak at 0 = 1.9 nm™'. The 20 wt. % SDS + 3 wt. %
DDAO data at 0 °C is similar to that for the pure SDS sample, except for an increased /(Q) in

the region 0.7 < Q <2.5 nm™!, which has a similar shape to that presented in Figure 3.4(a).
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Figure 3.4. SAXS data for 20 wt. % SDS and 20 wt. % SDS + 3 wt. % DDAO samples at

(a) 24 °C and (b) 0 °C. In both cases, the solid lines are fits to the data as described in the text

and Appendix C.

At pH 2, the profile acquired at 0 °C exhibits two Bragg peaks (Figure 3.5) with neither peak
matching the Bragg peak previously observed (Figure 3.4(b)) in the pure SDS and mixed SDS
+ DDAO systems at pH 9. The corresponding peak shift values for the three systems (20 wt. %
SDS, 20 wt. % SDS + DDAO (pH 9) and 20 wt. % + 3 wt. % DDAO (pH 2)) at 0 °C are
provided in Appendix C. Further comparisons regarding the crystal structure can also be drawn

from the WAXS for the three different systems, as depicted in Figure 3.6.
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Figure 3.5. SAXS data for 20 wt. % SDS and 20 wt. % SDS + 3 wt. % DDAO samples at pH 2.

The solid lines are fits to the data as described in the text and Appendix C.
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Figure 3.6. WAXS data for the three samples as noted at 0 °C. Concentrations of SDS and

DDAO, where present, are 20 wt. % and 3 wt. % respectively. The peak at 3.15 nm™! is from
the polycarbonate capillary used to mount samples in the beam. All other peaks arise from the

samples. From these, significant peaks are listed in Table C.3, Appendix C.

AtpH 9, the 'H NMR data suggests that SDS crystallises first, before the system fully solidifies.

The drop in NMR signal for the SDS and DDAO protons is expected to be associated with an

101



Chapter 3 Nuclear magnetic resonance and small-angle X-ray scattering studies of mixed sodium
dodecyl sulfate and N,N-dimethyldodecylamine N-oxide aqueous systems performed at low
temperatures

increase in viscosity and a reduction in the mobility of the monomers and micelles, leading to

areduction in their 7>" NMR relaxation time and an increase in the width of their peaks (James,
1998). There is a sudden drop in SDS signal between 10 °C and 13 °C, which indicates SDS is
undergoing a phase transition. However, not all of the SDS signal disappears at the lower
temperature, indicating a proportion of the SDS remains in solution. The DDAO does not
display a sudden drop in the signal, suggesting it is not residing in the crystal itself, yet, there
is a decrease indicating that the DDAO surfactant is affected by the SDS crystal formation
between 10 °C and 13 °C. In another study (Chapter 4) , confocal Raman microscopy indicated
a tendency for DDAO to surround the SDS hydrated crystals and, therefore, is influenced by
their formation, which potentially explains the decrease in the DDAO signal (Summerton et al.,

2018).

SAXS data at 24 °C suggests that pure SDS micelles and mixed SDS + DDAO micelles co-
exist in in the system. The differences between profiles obtained for a pure SDS and a mixed
SDS + DDAO system indicate there is an increase in micelle size when DDAO is present, which
is in line with previous observations (Kakitani et al., 1995). By adding 3 wt. % DDAO, to a
solution of SDS, the micelle aggregation number, Nuge, increases from 170 to 190 and the
ellipsoid aspect ratio, a/b, from 1.8 to 2.2. Conversely, the proportional charge per headgroup,
Z/Nygg falls from 0.12 to 0.11. This reduction in charge is in agreement with the literature,
(Kakitani et al., 1995) and is expected to reduce repulsions between the SDS head-groups in
the interphase. Consequently, the shell curvature is able to decrease, allowing a more elongated

structure to form.

The formation of a Bragg peak in the pure SDS system at 0 °C indicates the growth of SDS
crystallites (Hammouda, 2013). The calculated d-spacing, d = 3.3 nm, is closer to the values

expected for the mono- or hemi-hydrated crystal forms (2.9 or 3.1 nm respectively), but lower

102



Chapter 3 Nuclear magnetic resonance and small-angle X-ray scattering studies of mixed sodium
dodecyl sulfate and N,N-dimethyldodecylamine N-oxide aqueous systems performed at low
temperatures

than that of the 1/8 hydrate (3.9 nm) (Miller et al., 2016). For the mixed SDS + DDAO system,
the Bragg peak position is the same as the pure SDS system, indicating SDS is the dominant
component of the crystals in both samples. This is in agreement with the drop in NMR signal
observed for the SDS protons (Hi) (Figure 3.2). Aside from the Bragg peak, there is an
additional contribution in the SAXS profile for the mixed system, which can be fitted to the
remaining micelle phase. For the remaining micelles, Nuoe = 240 and a/b = 2.4, which is more
in line with data reported for mixed SDS + DDAO micelles than that for DDAO micelles alone
(Kakitani et al., 1995). Moreover, the micelles remain charged, albeit with a lower Z/N,ge than
the values reported at 24 °C. Put together, the scattering data and associated analysis provides
compelling evidence that the crystallites formed in the mixed SDS + DDAO system contain
predominantly SDS, in agreement with NMR data. Unlike in the pure SDS system, not all SDS
crystallises and some remains within a mixed micelle population, as is also observed in the
NMR data. Thus, the remaining NMR signal originates from micelles containing DDAO and
any uncrystallised SDS. By adding DDAO, the energy to form micelles is reduced,
consequently diminishing the energetic driving force for crystallisation, consequently leading

to a shift in the equilibrium towards micelles remaining in solution.

At pH 2, both SAXS and NMR studies suggest a simultaneous change in the phase behaviour
of each surfactant. The NMR data shows the SDS and DDAO surfactants crystallise at the same
time. This observation is expected to be because of the formation of the protonated form of
DDAO, which can ion pair with SDS and counterions (Bucsi et al., 2014; Goloub ef al., 2000).
This is further supported by peaks at differing shifts in the corresponding SAXS profile,

compared to that of the pure SDS and the mixed pH 9 system.

Further detail into the structure of the SDS crystallites can be drawn from WAXS data (Figure

3.6), with comparisons for notable peaks given in Table C.3 (supplementary). After holding at
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0 °C for 45 minutes, at pH 9, the peaks in the mixed system can be matched, within error, to

those observed in the pure SDS system, further indicating the formation of the same SDS phase.
Peaks at 1.87, 3.76, 5.68 and 11.35 nm™! are assigned as first, second, third and sixth-order
lamellar d-spacings (d = 3.34 nm) while peaks at higher O (e.g. at 13.9, 14.9, 15.7 and
17.9 nm™') may arise from the head-head and alkyl peaks (Hyde, 2001). In the pure SDS system,
more peaks are apparent in this region. However, as the peak intensities for this sample are
approximately 2-3 times more intense, over the entire QO-range, this is more likely to be an
observational artefact arising from a low peak intensity versus background. In contrast, at pH
2, a different structure forms, with first, second and third order lamellar d-spacings shifted to
higher O (at 2.13, 4.33 and 6.52 nm™! respectively) giving d = 2.95 nm. This suggests the

formation of crystals containing both surfactants.

3.5 Conclusions

By combining variable temperature 'H NMR and SAXS measurements it has been possible, for
the first time, to determine the compositional and structural changes in a mixed SDS + DDAO
surfactant system, which is of particular interest in the fast moving consumer goods (FMCQG)
industry (Summerton et al., 2016). Crystals formed as the mixed SDS + DDAO system is
cooled, a pH 9, are observed to be predominately SDS hydrated crystals, with little or no
DDAO. At pH 2, the protonated DDAO, and its subsequent ion pairing behaviour, results in
both surfactants crystallising simultaneously. While dish liquid is a highly complex system, this
research provides important insight into the crystallisation process of liquid detergent systems
upon exposure to cold climates. In turn, this understanding will assist in building more robust

formulations and improvements to their accompanying test methods.
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4.1 Abstract

At low temperatures stability issues arise in commercial detergent products, such as dish liquid,
when surfactant crystallisation occurs, a process which is not currently well-understood. An
understanding of the phase transition can be obtained using a simple binary SDS (sodium
dodecyl sulfate) + DDAO (N,N-dimethyldodecylamine N-oxide) aqueous system. It expected
that the crystallisation temperature of an SDS system can be lowered with addition of DDAO,
thus providing a route to improve detergent stability. Detergent systems are typically comprised
of anionic surfactants, amphoteric surfactants and water. This study explores the crystallisation
of a three component system consisting of sodium dodecyl sulfate (SDS), N,N-—
dimethyldodecylamine N-oxide (DDAQO), and water using wide-angle X-ray scattering
(WAXS), differential scanning calorimetry (DSC) and confocal Raman microscopy. The
presence of DDAO lowered the crystallisation temperature of a 20 wt. % SDS system. For all
aqueous mixtures of SDS + DDAO at low temperatures, SDS hydrated crystals, SDS'1/2H,0O
or SDS'H20, formed. SDS hydrates comprise of layers of SDS separated by water layers.
DDAO tended to reside in the vicinity of these SDS crystals. In the absence of DDAO an
additional intermediary hydrate structure, SDS'1/8H,0, formed whereas for mixed SDS +

DDAO systems no such structure was detected during crystallisation.

4.2 Introduction

Home and personal care products are primarily composed of water and surfactants, with the
total surfactant concentration ranging from 10 to 50 wt. % (Summerton et al., 2017; Lai, 1996).
Two surfactants that reside in typical dish liquid formulations include the anionic surfactant
sodium dodecyl sulfate (SDS) (Summerton et al., 2016) and the amphoteric surfactant N,N-

dimethyldodecylamine N-oxide (DDAOQO), which behaves as a non-ionic surfactant at the pH of
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interest (Bucsi et al., 2014) (Figure 4.1). Due to the increasing global demand for these
products, the SDS market is growing with an estimated value of $700 million by 2024 (Global

Market Insights, 2017).

(a)

(b)
\ /
\/\/\/\/\/\/Ngo
Figure 4.1. Molecular structure of (a) sodium dodecyl sulfate (SDS) and (b) N,N-

dimethyldodecylamine N-oxide (DDAO).

Commercial surfactant systems are used worldwide and therefore need to be supplied to many
different regions, so they must demonstrate chemical and physical stability across a wide
temperature range. At ambient temperature, the surfactants in the products aggregate to form
mixed micelles. However, upon exposure to low temperatures, surfactant crystallisation may
occur in the products. Although the change is reversible and does not affect the performance,
the change in appearance makes it unacceptable to consumers. Manufacturers have developed
a range of methods to evaluate the stability of formulations at low temperatures, typically
involving the storage of formulations at controlled temperature conditions. To improve both
product stability and the method for testing for failures, it is critical to understand the

crystallisation process.

Despite the industrial significance of SDS and DDAO surfactants, due to their extensive use in
detergents products, the crystallisation of mixed SDS + DDAO systems has received little

attention. Smith et al. considered the crystallisation of the surfactant SDS at concentrations
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ranging from 5 to 20 wt. % (Smith et al., 2001; Smith et al., 2000). A decrease in the applied
cooling rate was found to increase the temperature of crystallisation and reduce the width of the
metastable zone. They also report the structure of anhydrous SDS for the first time and compare
the findings to SDS hydrates. More recently, Miller et al. observed the effect of different
isothermal and non-isothermal conditions on the morphology of crystals forming from a
20 wt. % SDS solution (Miller et al., 2016; Miller et al., 2017). The temperature and the cooling

rate were found to dictate whether the crystals form needles or platelets.

The majority of the literature for the crystallisation of mixed surfactant systems date back to
the 1980s and 1990s. The Krafft temperature, Tk, for some binary surfactant mixtures is found
to be lower than their respective single components (Rodriguez and Scamehorn, 1999). The
decrease in Ty of an anionic surfactant system upon the addition of a second anionic or non-
ionic surfactant has been demonstrated for binary surfactant solutions comprising of two
different sulfates or sulfonates (Tsujii et al., 1980). Furthermore, the addition of the non-ionic
surfactant, nonylphenol ethoxylate, to a solution of SDS caused the precipitation boundary to
reduce in size (Shiau et al., 1994). In these mixed surfactant systems micelle formation becomes
increasingly favoured, lowering the CMC and reducing the monomer concentration that is able

to form crystals (Soontravanich and Scamehorn, 2009).

To the best of our knowledge there is a distinct lack of research into the crystallisation of mixed
SDS + DDAO systems, despite its application to commercial products. There are unanswered
questions surrounding the influence that DDAO has on SDS crystallisation in terms of the
crystallisation kinetics, crystal shape and the structure of the crystals, for which this paper aims
to address. In this study SDS and DDAO are present at concentrations typical of those in dish
liquid formulations, which are much higher than those previously presented for similar mixed

surfactant studies. Crystallisation is initiated by lowering the temperature of the system, in order
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to replicate conditions that formulations may experience during the supply chain. It is expected
that the acquired knowledge from this study will enable industries to gain a greater
understanding of the behaviour of their dish liquid formulations at low temperatures. In turn,
this will result in improvements to product stability and the accompanying stability test

methods.

4.3 Materials and methods

4.3.1 Materials

Aqueous surfactant solutions containing 20 wt. % SDS (ionic) and various amounts of the
amphoteric surfactant DDAO (0 - 5 wt. %) at pH 9 were used throughout this study. SDS was
purchased at a purity of 97.5 % from Fischer Scientific. DDAO was purchased from Sigma
Aldrich in aqueous form at a concentration of 30 wt. %. Both surfactants were used without
further purification. All solutions were freshly prepared to minimise deviations due to

hydrolysis of SDS. The solution was mixed for 15 minutes at 25 °C and then left for 12 hours

to release any entrapped air.

4.3.2 Methods

4.3.2.1 Differential scanning calorimetry (DSC)

DSC (Differential scanning calorimetry) thermograms of a pure SDS system and various mixed
SDS + DDAO systems were acquired using a Sentaram micro DSC. Distilled water was used
as the reference sample. For each run approximately 70 mg of the sample was measured into

the sample cell and placed into the DSC furnace chamber.
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20 wt. % SDS aqueous solutions, with varying amounts of DDAO (0.5 - 5 wt. %), were cooled
and subsequently heated at a rate of 0.1 °C/min. Additionally, a pure 20 wt. % SDS system was

cooled across a selection of cooling rates (0.1 - 1 °C/min). The upper temperature was in the

range of 30 to 40 °C with the lower limit being —10 °C, at which there was a 20-minute hold
time before heating the system. A thermal analysis software package, Calisto processing, was

used to acquire enthalpies and peak temperatures from the thermograms.
4.3.2.2 Confocal Raman microscopy

Confocal Raman microscopy was performed on a WiTec alpha 300 system applying a 532 nm
excitation laser. Spectra were recorded using a X60 magnification water-immersion objective.
The surfactant solutions were applied on a microscopy slide with a recess, with the slide being
placed on top of a Linkam PE 94 Peltier cooling stage, set to 0 °C. A cover slip was placed over
the sample and subsequently covered with distilled water which the objective was then
immersed into. Typical integration times were in the range of 0.1 s with a resolution of 4
pixels/um?. The data was analysed using WITec Project Plus 4.1 software. Cluster analysis
followed by de-mixing was subsequently performed in order to distinguish different chemical
components. Raman spectra of the pure surfactants were also recorded. This allowed one to

plot distribution maps of the components.
4.3.2.3 X-ray scattering

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) data was
obtained using the 122 beamline at Diamond Light Source, Oxfordshire, UK. Samples were
loaded into 1.8 mm (internal diameter) and 2.0 mm (external diameter) polycarbonate
capillaries and mounted in the beam within the Linkam DSC600 capillary stage, which also

provided temperature control (at 25 °C and 0 °C, with an applied cooling rate = 19 °C/min). A
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12.3989 keV (A = 0.099987 nm) beam was used with a sample-detector distance of 6702.56
mm, providing a detectable Q-range on the SAXS detector of order 0.02 - 2.50 nm™* and 1.51
- 60.57 nm~! on the WAXS detector. Data processing was performed using the DAWN software
package (van der Veen, 2015; Filik et al., 2017) and a set of pipelines developed at Diamond
Light Source. Before processing uncertainty estimates based on Poisson counting statistics were
added to all measurement data, which were subsequently propagated through the image
correction steps. Each raw background measurement was corrected for the following: masking
pixels, time, incident beam flux, and transmission. Each sample file was corrected for the
following: masking pixels, time, incident beam flux, transmission, background, thickness, and
scaled to absolute units. The scaling factor for scaling to absolute units was determined using a
calibrated glassy carbon sample (Zhang et al., 2010). After this correction the data was
azimuthally averaged, with the resulting uncertainty assuming the largest of: 1) the propagated
uncertainties, 2) the standard error of the mean for the data points comprising a bin, or 3) 1%
of the mean intensity in the bin. Two-dimensional (2D) plots of the acquired SAXS and WAXs
data were displayed as stacked graphs at selected timepoints using OriginPro(v.9.0) graphical
software. Time resolved three-dimensional (3D) plots of the WAXS data were produced in

MATLAB R2016b.

4.4 Results and discussion

4.4.1 Results

4.4.1.1 Crystallisation temperature

DSC thermograms for the SDS + DDAO systems were acquired upon cooling the system and
inducing crystallisation. One main exothermic peak, corresponding to the crystallisation of
SDS, was observed for all solutions. Figure 4.2 shows how the crystallisation temperatures,
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corresponding to the peak maxima, and the enthalpy of crystallisation, related to the peak area,
change with DDAO concentration. Both factors demonstrate strong linear correlation with the
amount of DDAOQ, as anticipated from pre-existing studies (Summerton et al., 2016). A low
cooling rate, 0.1 °C/min, was used since it is representative of typical environmental changes
that formulation may experience (Miller et al., 2016; Miller et al., 2017). There are two types
of nucleation, homogenous and heterogenous, and, in most industrial systems, the latter occurs.

Here, the DSC cell walls provide a surface where heterogenous nucleation can occur.
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Figure 4.2. Plots of (a) crystallisation temperature and (b) enthalpy of crystallisation versus

DDAO concentration for SDS + DDAO systems.
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It is also important to consider the effect that the cooling rate has on the crystallisation process
since formulations can be exposed to various temperature fluctuation. When the cooling rate
was varied between 0.1 and 1 °C/min, a change in the crystallisation temperature was observed.
The higher the cooling rate, the lower the crystallisation temperature attained from the DSC

thermogram (Figure 4.3).

10~ .
9] —— 0.1 °C/min
] —— 0.2 °C/min
8_- —— 0.4 °C/min
7 —— 0.6 °C/min
61 — 0.8 °C/min

37 —— 1 °C/min

Heat flow / W/g Exothermic —»
D
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Temperature / °C

Figure 4.3. DSC thermograms acquired upon cooling a 20 wt. % SDS system to -5 °C across

a range of cooling rates.
4.4.1.2 Crystal structure and Kinetics
4.4.1.2.1 Crystal Structure

WAXS was used to follow the crystallisation of the pure SDS and SDS + DDAO systems in
situ. The 2D and 3D WAXS profiles, acquired when holding the systems at 0 °C, are presented

in Figure 4.4.
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Figure 4.4. (a) Plot showing the WAXS intensity, 1(Q) as a function of Q for selected time points

0, 600 s, 1200 s and 3600 s for a 20 wt. % SDS solution held at 0 °C after being cooled from
25 °C at 19 °C /min; (b) 3D plot showing the change in I(Q) vs. Q during crystallisation as a

function of time for the same 20 wt. % SDS solution; (c) Plot showing the WAXS intensity, 1(Q)
as a function of Q for selected time points 0 s, 600 s, 1200 s and 3600 s for a 20 wt. % SDS +

3 wt. % DDAO solution held at 0 °C after being cooled from 25 °C at 19 °C /min; (d) 3D plot

showing the change in I(Q) vs. Q as a function of time during crystallisation for the same
20 wt. % SDS + 3 wt. % DDAO solution. The corresponding plots for 20 wt. % SDS + 1, 2, 4

and 5 wt. % DDAO respectively are provided in Appendix C.

In the pure SDS system, approximately 40 s after reaching 0 °C, a peak initially starts to develop
at 1.65 nm~! and the intensity of this peak increases for 20 seconds. This corresponds to a
structure with a d-spacing of 3.86 = 0.03 nm. Second and third reflections of this primary peak

are visible at 3.24 and 4.91 nm*. The d-spacing values implies a SDS'1/8H,0 hydrated crystal
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(Coiroetal., 1987) (Smith et al., 2004). Hydrated SDS crystal structures are comprised of layers
of SDS molecules closely aligned to one another, with the SDS layers separated by water-rich
regions. The d-spacing corresponds to the distance between the SDS layers. Other notable peaks
at 14.5, 14.8 and 15.4 nm are likely to arise from the spacing between the head-groups and
alkyl chains of SDS. The most intense of these is likely to be the head-head peak, which is

found to be at 15.4 nm~ (d = 0.41 nm).

Approximately 400 s after reaching 0 °C, there is a change in structure, as shown by a reduction
in intensity of the peaks at 1.65, 3.24, 4.91, 14.5, 14.8 and 15.4 nm~' and an increase in intensity
in peaks at 1.85, 3.76, 5.67, 11.37, 13.89, 14.95, 15.70, 17.96 nm=L. This transition takes
approximately 2000 s to complete. The first four peaks are likely to be the 1%, 2", 39 and 6™
reflections and the d-spacing of structure is 3.32 nm. This value is close to that of the
SDS'1/2H,0 or SDS'H20 hydrates reported in the literature (Smith et al., 2004; Coiro et al.,
1987). The inclusion of more water into the headgroup region results in the alkyl chains
becoming tilted, leading to a reduction in the d-spacing. The higher Q peaks are again likely to
arise from the spacing between the head-groups and alkyl chains of SDS. The most intense of

these, again likely to be the head-head peak, is now found at 14.95 nm~ (d = 0.42 nm).

In contrast, the WAXS data for the SDS + DDAO systems points to the existence of just one
crystal structure throughout the crystallisation process. There are significant peaks detected at
1.87, 3.76, 5.68, 11.35, 13.9, 14.9, 15.7 and 17.9 nm~2, in clear similarity to the data for the
second crystalline phase formed by the 20 wt. % SDS solution. As with the 20 wt. % SDS
solution, the crystal is therefore likely to be the SDS1/2H,0 or SDS'H20 hydrate, implying no

DDAO resides in the crystal.
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4.4.1.2.2 Kinetics of the phase transition

In addition to understanding the structural changes, X-ray scattering can also provide
information on the kinetics of the crystallisation process. The primary Bragg peak is detected
at 1.9 nm~t in the SAXS profiles for all SDS + DDAO systems. SAXS profiles for the systems
are provided in the supplementary information at various timepoints (Appendix C). Figure
4.5(a) shows the increase in peak intensity as a function of time for 20 wt. % SDS systems with
different amounts of added DDAO. Upon increasing the amount of DDAO there are two notable
changes in the plot. Firstly, there is an increase in the lag-time until the peak is first observed
and, secondly, the rate at which the peak grows decreases in the trend shown in Figure 4.5(b).
The gradient of the linear increase can be related to the rate of growth and the time lag indicates
the induction time. The R? values for the linear fits are all in excess of 0.96. The drop in the
signal of the 1 wt. % DDAO system after crystallisation may be due to a decline in underlying

signal or a change in density.
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Figure 4.5. (a) Plot of the change in maximum intensity of the primary Bragg peak (at 1.9 nm"

Lin the SAXS) during crystallisation as a function of time for all samples containing DDAO (1

- 5 wt. %); (b) Plot showing the rate of change of peak intensity during crystallisation as a

function of DDAO concentration.

4.4.1.3 Crystal shape and growth characteristics

The Raman spectra for the three individual surfactant components are displayed in Figure 4.6.

DDAO can be clearly distinguished from the SDS contributions by the peak above 3000 cm~!

and the peak below 800 cm~. Furthermore, there are two SDS contributions that can be

distinguished by their differences in the peak profile around 800 cm=!. The two SDS
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contributions arise from the orientation of SDS to the laser beam. Although there are few reports
in this area, one study uses Raman spectroscopy to investigate changes observed during SDS
crystallisation, including increased peak splitting and an increased degree of trans conformers

(Picquart, 1986).
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Figure 4.6. Raman spectra for SDS A (red line), SDS B (green line) and DDAO (blue line); A

and B refer to different forms or orientation of the SDS component.

Figure 4.7 displays confocal Raman microscopy images for crystals formed from 20 wt. % SDS
and 20 wt. % + 3 wt. % DDAO solution. In the pure SDS system both SDS contributions are
present and exist as platelets, with a considerable number orientated on their side. From Figure
4.7(b), the crystals initially appear needle-shaped. However, a second image (Figure 4.7(c))
acquired at a 5 um height difference, gave a similar profile, indicating the existence of side-on
platelets. This is due to local supersaturation at the point of contact between the cooling stage

and the surfactant solution, where crystals begin growing upwards.

When DDAO is added, at a level of 3 wt. %, the resultant crystals are ring shaped and grow on
a much smaller scale (Figure 4.7(e)-(g)). Due to the absence of any red-coloured regions, only

one SDS contribution exists in the mixed surfactant system. Furthermore, the green-coloured
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area, corresponding to DDAO, is concentrated in the same region as SDS, implying a tendency

of DDAO to surround the SDS crystals.

(a) (b) g (c)

10 pm 3 um 3 um

Figure 4.7. (a) Location selected for the analysis of a crystalline solution of 20 wt. % SDS; (b)
Confocal scans of the xy plane of the red boxed area in (a) with z =0 um or (c) z = +5 um; (d)
Locations selected for the analysis of a crystalline solution of 20 wt. % SDS + 3 wt. % DDAO;
(e) Confocal scan of the xy plane of the red boxed area in (d) with z =0 um; (f) Confocal scan
of the xy plane of the blue boxed area in (d) with z =0 um; (g) Confocal depth scan of the yz

plane attained by vertically slicing along green line in (d) with z = —7.5 to +7.5 um.

4.4.2 Discussion

Non-ideal mixed micelles form in SDS + DDAO systems (Scamehorn, 1986) and the deviation
from ideality lowers the critical micelle concentration (CMC), in comparison to that of a pure
SDS solution. The existence of DDAO enhances micelle formation in the system, consequently
reducing the concentration of SDS monomers, which is the driving force for crystallisation
(Stellner and Scamehorn, 1989; Stellner and Scamehorn, 1986; Soontravanich and Scamehorn,

2009). This increased favourability to form micelles is a result of reduced repulsion energy
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between the SDS groups in mixed SDS + DDAO micelles, compared to pure SDS micelles. In
order for SDS to precipitate out of solution the supersaturation level, S (equation 4.1), must be

greater than 1 (Soontravanich, 2007; Thanh et al., 2014).

g = dos da' \vhere K. —a a (4.1)
- ! P~ U'DS”egm Na‘egm )
Sp

where aps- and ana+ are the activities of DS™ and Na® in the solution and K, is the solubility

product, which is given by the product of the equilibrium activities of DS~ and Na™ and
exhibits temperature dependency. Upon addition of DDAO, the temperature must be lowered
to induce supersaturation so SDS crystals can form. In addition to reducing the crystallisation
temperature, the enthalpy of crystallisation is also found to decrease with increasing DDAO

concentration.

Larger, less easily-flowing aggregates (Akbas and Sidim, 2005) form when DDAO is present,
compared to a pure SDS system. This, in turn, results in an increase in the viscosity of the
system with DDAO concentration. Alongside the effects of a reduced SDS monomer
concentration, a high solution viscosity can also hinder SDS crystal growth since it can affect
both the growth rate and the crystallisation temperature. The effect of viscosity on crystal
growth has been reported in a previous study (Murray, 2008) in which ice crystallisation was

inhibited when contained within an ultra-viscous solution.

Zero-shear viscosity measurements of SDS + DDAO systems show an increase with DDAO
concentration. For example, 20 wt. % SDS + 3 wt. % DDAO solution has a zero-shear viscosity
of 0.424 Pa.s whereas addition of 5 wt. % DDAO provides a viscosity of 9.62 Pa.s.
Measurements were not possible below 2.5 wt. % DDAO due to the inherent low viscosity of

the system. In the pure SDS system the viscosity is low, similar to water, and molecular mobility
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is not restricted. Crystal growth is fast and spreads through the solution, forming many platelets.
The mixed 20 wt. % SDS + 3 wt. % DDAO system, being at a higher viscosity (0.424 Pa.s),
demonstrates slower growth. There is a resultant tendency for crystals to dissolve from the
centre, forming ring-shaped crystals (Mandal et al., 2012). Furthermore, the DDAO surfactant
surrounds the SDS crystals which also contributes to the reduced rate of growth. Further insight
into how DDAO concentration influences the rate of crystallisation and induction time can also
be obtained from the time resolved plots of the intensity of the first Bragg peak in the SAXS
profiles. The time lapsed until the peak begins to grow and the gradient of the peak growth
correspond to the induction time and rate, respectively. As to be expected, the rate of crystal
formation decreases and the time to crystallisation increases with an increase in the amount of

DDAO.

Aside from DDAO affecting the crystallisation temperature, rate of formation, shape and
viscosity, this surfactant also influences the structural changes that occur during SDS crystal
formation at 0 °C. The crystals formed from both SDS and SDS + DDAO systems are SDS
hydrates, composed of SDS-rich layers separated by water layers, with the ratio of water to SDS
varying between the different possible hydrates. WAXS data acquired from SDS + DDAO
systems points to the crystal structure being either the SDS1/2H,0 or SDS'H.O hydrate, which
matches the final structure formed from a pure SDS sample. However, the pure SDS system
initially forms the SDS1/8H20 hydrate, which then gradually transitions to the SDS'1/2H,0 or
SDSH>0 hydrate. When DDAO is present, SDS is trapped in micelles for a longer period of
time. Such a feature is responsible for more controlled crystal growth in the SDS + DDAO
system, enabling the final structure to form directly rather than proceeding via an intermediary.

Furthermore, confocal Raman microscopy investigations indicate that, upon SDS crystal
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formation, DDAO is concentrated on the surface of the SDS crystals where it is able to influence

both the mechanism and rate of formation.

4.5 Conclusions

Increasing the amount of DDAO lowers the concentration of SDS monomers, due to mixed
micelle formation, and consequently reduces the drive for SDS crystallisation. In the presence
of DDAO, the crystallisation temperature is lowered, compared to that of a pure SDS system.
Furthermore, the presence of DDAO was found to significantly increase the induction time to
crystallisation, as well as reduce the rate of crystal growth. In the final part of the study, X-ray
scattering techniques demonstrate the structural differences and similarities between those of a
pure SDS system versus a SDS + DDAO system. Both systems result in the same final structure,
where the d-spacing and peak assignments are matched to those of SDS'1/2H>0O or SDS'H20
hydrate structures, comprised of layers of SDS separated by water layers. The pure SDS system
proceeds via the SDS'1/8H,0 hydrate structure but, conversely, this intermediary is not detected
in the mixed system. DDAO surrounds the crystals and consequently affects the mechanism of

their formation.

Through this work a detailed insight has been gained into the nature of the SDS crystallisation
process occurring in SDS + DDAO systems under low temperature conditions. SDS and DDAO
were chosen as the core surfactants for this study due to their extensive use in industry,
especially in dish liquid formulations. It is important to reiterate that, in this study, both
surfactants are at concentrations typical of commercial detergent products. DDAO was found
to influence the crystallisation temperature, crystal shape, structure and Kinetics of SDS
solutions. The reported results have furthered the understanding of dish liquid systems at low

temperatures, which is important when improving the stability of such formulations. Future
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work would involve applying the understanding to other surfactant systems of significance in
the detergent industry, such as those containing dimethyl laurylaminoacetate betaine and

branched sulfated surfactants.
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5.1 Abstract

Sodium dodecyl sulfate (SDS) and N,N-dimethyldodecylamine N-oxide (DDAO) are key
components in detergent formulations. This chapter explores the kinetics of crystallisation for
SDS and SDS + DDAO aqueous systems under isothermal and non-isothermal low temperature
environments with the surfactants present at concentrations typical of commercial products.
Differential scanning calorimetry (DSC) and X-ray scattering are used, with the latter

performed with awarded beamtime at the Diamond Light Source, Oxfordshire, UK.

For crystallisation of pure SDS systems, the Avrami exponent (Avrami, 1939; Marangoni,
1998), which dictates the order of crystallisation, is found to be positively correlated to the
isothermal holding temperature. Under non-isothermal conditions, pure SDS systems are fitted
to the Ozawa model (Ozawa, 1971) with an Ozawa exponent of approximately 3, indicating the
existence of three-dimensional (3D) crystal growth. Spherulite 3D crystallisation, or 2D
crystallisation with sporadic nucleation, of SDS occurs with the SDS + DDAO system on
holding at 0 °C. Small-angle X-ray scattering (SAXS) profiles are attained during the
crystallisation of SDS + DDAO systems at a variety of cooling rates (0.5 - 10 °C/min). Changes
in the form factor P(Q) across the different temperature profiles indicate that a higher cooling

rate increases the degree of polydispersity of the crystals.

5.2 Introduction

The difference in chemical potential between the liquid and crystalline state dictates whether
crystallisation is thermodynamically possible. However, the rate and occurrence of this phase
transformation, as well as the resulting shape and morphology, are dictated by kinetic processes
such as nucleation and crystal growth (Di Lorenzo and Silvestre, 1999; Vedantam and Ranade,

2013).
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The Avrami equation has been used to describe the isothermal kinetics of crystallisation across
a variety of systems. Michael Avrami (Avrami, 1941; Avrami, 1939; Avrami, 1940) first
proposed the Avrami equation in the 1930s in order to describe the change in the crystallite
content over time, which typically follows a sigmoidal curve. In recent years, many
transformations have been described by fitting data to a linear form (equation 5.1) of the Avrami

equation (Marangoni, 1998).
In[—In(1 - X(t))] =nInt+Ink (5.1)

where X (t) is the crystalline fraction, k is a rate constant, n is the Avrami exponent and t is the

crystallisation time.

The Avrami exponent (n) is a sum of two terms, ng and n, (Lorenzo et al., 2007). The former,
ng, is the dimensionality part of the exponent and therefore depends on whether the growth is
one dimensional (nq¢ = 1), two dimensional (ng = 2) or three dimensional (ng = 3) (Pei et al.,
2010; Torrens-Serra et al., 2011). The latter constant, ny, is related to the type of nucleation.
Values of 1 and O are attained for sporadic nucleation and instantaneous nucleation, respectively
(Monasse and Haudin, 1986). During sporadic nucleation there are a limited number of
nucleation sites and further sites continue to form throughout the phase transition (Ozcan et al.,

2003).

Non-isothermal Kkinetics are probably more relevant to industry but are covered by a smaller
body of research due to the difficulties inherent in their study. For example, during polymer
production the cooling rate was found to impact the crystalline fraction and the temperature of
crystallisation (Di Lorenzo and Silvestre, 1999; Supaphol et al., 2004). There have been
attempts to modify the Avrami equation to describe non-isothermal kinetics. For example,
Ziabicki proposed that a non-isothermal crystallisation process could be represented by a

sequence of isothermal sections, each described by the Avrami equation (Ziabicki, 1974). In
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the 1970s, Ozawa extended the Avrami equation to describe the non-isothermal study of
polyethylene terephtalate crystallisation (Ozawa, 1971; Durmus et al., 2010). From this work,

the Ozawa equation (equation 5.2) was introduced:
log [-In(1 - X(T))] =logK —m loga (5.2)

where X (T) is the crystalline fraction at temperature T, m is Ozawa exponent, a is the cooling
rate and K is a constant relating to the cooling. In order to apply the Ozawa equation to a system,
it is necessary to know the degree of crystallisation at a specific temperature and across a range
of cooling rates, potentially limiting its application. In some systems an acceptable fit is not
achieved, likely due to secondary crystallisation not being taken into account (Chen et al.,
2016). Furthermore, this theory also assumes that a constant cooling rate is present (Monasse

and Haudin, 1986), which may not necessarily be the case.

In 1998, Lui and co-workers proposed a further modification by combining both the Ozawa and

Avrami equations (An et al., 1998) to give equation 5.3:
loga =logF — blogt (5.3)

where t is the crystallisation time, a is the cooling rate, b = %and F is a cooling rate function.

As previously, m and n are the Ozawa and Avrami exponents, respectively. Values for b and F
can be attained from a plot of the cooling rate against the time taken to reach a specific percent
of crystallinity. Crystallisation of polyether ether ketone (PEEK) has successfully been
described by this model, for which the Ozawa model was not appropriate (Kuo et al., 2006).
Furthermore, the Ozawa-Avrami model was used for studying the isothermal crystallisation of

polypropylene/silicon nitride nanocomposites (Hao et al., 2010).

Differential scanning calorimetry (DSC) is often used to perform crystallisation studies and

understand the kinetics of processes (Xu et al., 2009; Hao et al., 2010). This analytical
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technique detects phase transitions by measuring the difference in the heat flow between the
reference and sample cell upon application of the same temperature profile. Both isothermal
and non-isothermal studies can be performed on this instrument and the proportion of
crystalline material formed can be determined (Lorenzo et al., 2007; Jeziorny, 1978). A study
performed by Ratta et al. on polyimide crystallisation stated that the normalised crystallised
content at time t, X (t), can be given by the enthalpy of crystallisation up to time t as a fraction
of the total enthalpy of the phase transition (Ratta et al., 2000). It is possible to relate the peak
area of a phase transition directly to X(t) (equation 5.4) since peak area and enthalpy are

proportional (Brittain and Bruce, 2006). The thermograms

A(t)

X0 = 2

(5.4)

where A(t) is the area of the peak up to time t and A, (oo)is the total area of the peak.

In recent years, X-ray scattering has been increasingly used to observe crystallisation due to the
high resolution and fast data acquisition possible at synchrotron sources. For example, X-rays
were used to study the C49 to C54 phase transformation that occurs in titanium disulfide thin
films. The change in area under the Bragg peaks over time was used to deduce rate of crystal

growth and attain an Avrami plot (Ozcan et al., 2003).

The intensity of a small-angle X-ray scattering profile has contributions from both the form
factor P(Q) and the structure factor S(Q), with the latter resulting from inter-particle scattering
(Cosgrove, 2010). The form factor, P(Q), is dependent on the distribution of particle radii.
When there is variation in the radii of individual particles, the oscillations average out to a
smooth slope (Cosgrove, 2010). Although the gradient of the slope is not affected by

polydispersity, the maximum and minimum are more prominent with monodispersed samples.
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This chapter focuses on understanding the kinetics of crystallisation of sodium dodecyl sulfate
(SDS) and mixed SDS and N,N-dimethyldodecylamine N-oxide (DDAO) surfactant systems
where the surfactant concentration is comparable to that of commercial products (Lai, 1996).
DSC is used to investigate isothermal and non-isothermal crystallisation of SDS systems and
SAXS is used for investigating the kinetics of crystallisation of SDS + DDAO surfactant
systems. This blend of surfactants are of significant importance in the detergent industry where
they are extensively used because of their high cleaning and foaming properties, as well as their

relatively low cost and high commercial availability (Zoller, 2008).

5.3 Materials and methods

5.3.1 Materials

20 wt. % SDS and 20 wt. % SDS + 3 wt. % DDAO aqueous solutions were used for the DSC
and SAXS measurements, respectively. SDS was purchased from Fischer Scientific at a purity
level greater than 97.5 %. DDAO was purchased from Sigma Aldrich in aqueous form at a
concentration of 30 wt. %. Both surfactants were used without further purification. The
solutions were formulated 24 hours in advance to minimise hydrolysis. The solutions were
prepared at 25 °C by the addition of distilled water to the surfactants followed by mixing with
a magnetic stirrer for 15 minutes. The solutions were then left undisturbed overnight to be used

the next day.

5.3.2 Methods

5.3.2.1 Differential scanning calorimetry (DSC)

DSC thermograms of the solutions during cooling were acquired with a Sentaram microDSC,

with a + 0.1 °C accuracy. Approximately 70 mg of the sample, contained within a cell, was

137



Chapter 5 Insight into the kinetics of crystallisation of sodium dodecyl sulfate and mixed sodium
dodecyl sulfate and N,N-dimethyldodecylamine N-oxide systems

placed into the furnace along with a reference cell filled with 70 mg of distilled water. A
software package, Calisto processing, was used to input the required cooling profile. Each DSC
experiment was repeated in triplicate. OriginPro (v.9.0) software was used to slice the peaks
and attain values for the peak area, and therefore crystalline content, over time. With this data,

Avrami plots could subsequently be produced using this graphical package.

5.3.2.1.1 Isothermal studies using DSC

The maximum available cooling rate, 1 °C/min, was used throughout the isothermal studies in
order to minimise the possibility of crystallisation during cooling. 12 °C, 13 °C and 14 °C were
selected as the different isothermal conditions. After cooling to the required temperature, the
SDS system was held for 20 minutes, after which the crystallisation process was complete.
Isothermal analysis was not possible at temperatures below this narrow range due to immediate,

unmeasurable crystallisation, whereas temperatures exceeding 14 °C did not result in a

reproducible phase transition.

5.3.2.1.2 Cooling rate studies using DSC

Cooling rates were investigated in the range 0.1 - 1 °C/min. The system was cooled from 25 °C
at the various cooling rates (0.1, 0.2, 0.4, 0.6, 0.8 and 1 °C/min) to an end temperature of

-5 °C. The system was held for 20 minutes at this temperature before heating back to 25 °C.

5.3.2.2 Small angle X-ray scattering (SAXS)

SAXS data was obtained using the 122 beamline at the Diamond Light Source, Oxfordshire,
UK. Samples were loaded into 1.8 mm (internal diameter) polycarbonate capillaries and
mounted in the beam within the Linkam DSC600 capillary stage, which also provided
temperature control. A 12.3989 keV (A =0.099987 nm) beam was used with a sample-detector

distance of 6702.56 mm, providing a detectable Q-range on the SAXS detector of order 0.02 —
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2.5 nm™!. Data processing was performed using the DAWN package (Filik et al., 2017; van der
Veen, 2015), and a set of pipelines developed at Diamond Light Source. Before processing,
uncertainty estimates based on Poisson counting statistics were added to all measurement data,
which were subsequently propagated through the image correction steps. Each raw background
measurement was corrected for the following in order: masking pixels, time, incident beam
flux, and transmission. Each sample file was corrected for the following: masking pixels, time,
incident beam flux, transmission, background, thickness, and scaled to absolute units. The
scaling factor for scaling the scattering intensity 1(Q) to absolute units was determined using a
calibrated glassy carbon sample (Zhang et al., 2010). After this correction, the data was
azimuthally averaged, with the resulting uncertainty assuming the largest of: 1) the propagated
uncertainties, 2) the standard error of the mean for the data points comprising a bin, or 3) 1%

of the mean intensity in the bin.

5.3.2.2.1 Isothermal studies using SAXS

The surfactant solution was cooled to 0 °C at the maximum cooling rate of 19 °C/min. Scans
were collected every 4 seconds across a maximum period of 60 minutes. The software package
SASTit (Bressler et al., 2015) was used to fit the profiles attained during crystallisation with a
simple model comprising of contributions from a Bragg peak, a power law and background
scattering and an additional contribution arising from a delta distribution of charged core-shell
prolate ellipsoids, corresponding to micelles remaining in solution, to account for the observed
signal at high Q (see details in Appendix C). By fitting the profiles, the change in area of the
Bragg peak at 1.91 nm~* over time (see Figure 5.3) could be attained. Corresponding plots were

produced in OriginPro (v.9.0) and Sigmaplot was used for fitting sigmoidal models.
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5.3.2.2.2 Cooling rate studies using SAXS

Crystallisation of SDS + DDAO systems was studied at the following cooling rates: 0.5, 2.5, 5
and 10 °C/min. Samples were cooled to 0 °C and SAXS profiles acquired every 4 seconds. The
SAXS profiles attained 600 seconds after crystallisation started were plotted in OriginPro

(v.9.0) for the different cooling rates.

5.4 Results and discussion

5.4.1 Isothermal SDS systems

Using equation 5.4, the crystalline fraction was calculated at various time points during the
crystallisation process. The data was used to obtain Avrami plots. The Avrami exponent can be
determined from the gradient of the respective Avrami plot, with the corresponding plot for
12 °C provided in Figure 5.1. The plots corresponding to 13 °C and 14 °C along with the
replicates are provided in Appendix C. The bar chart in Figure 5.2 displays the change in the

value of the Avrami exponent with isothermal holding temperature.
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Figure 5.1. Avrami plot for crystallisation of a 20 wt. % SDS solution when held at 12 °C.

Fitted trendline has equation: y = (2.69 + 0.045)x — 5.54 + 0.092 and R? = 0.997.
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Figure 5.2. Bar chart showing the change in the Avrami exponent for crystallisation of a
20 wt. % SDS solution under various isothermal temperature conditions. Standard errors were

calculated from repeated measurements.

An Avrami exponent of approximately 3 was attained when the system crystallised at 12 °C.

This indicates the occurrence of 3D spherulite crystal growth and instantaneous nucleation
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within the bulk. However, 2D growth and sporadic nucleation would also yield a value of 3.
Work performed by Miller et al. on SDS crystallisation provided Avrami exponents of 2.9 and
2.3, attained by using DSC and optical microscopy, respectively (Miller et al., 2016). In their
study, it was concluded that platelets and needles were forming. Platelets were also observed
as part of the confocal Raman study contained in Chapter 4. However, the cooling rates used
was considerable larger than the 1 °C/min applied here. Here, as the isothermal temperature
increases, the Avrami exponent also increases and tends towards a value of 4 at 14 °C. A value
of 4 is only achieved with 3D growth and sporadic nucleation. It is hypothesised that either the
nucleation mechanism transitions from instantaneous to a sporadic where the nucleation occurs
as a function time, or the dimensionality of the growth increases. In the case of the former, the
increase in the Avrami exponent with isothermal temperature is attributed to a decrease in
supersaturation of the solution, resulting in the nucleation sites continuing to form during the
phase transition (sporadic nucleation). Ozcan et al. performed a similar study where they
reported a change in the type of nucleation when titanium disulphide films transformed from
the C49 to C54 phase (Ozcan et al., 2003). In their study, the Avrami exponent decreased from
3 to 2 upon a decrease in the isothermal holding temperature. However, since SDS is known to
form 2D platelets, from previous isothermal studies at lower temperatures and with higher
cooling rates, it is possible that the dimensionality could be progressively changing rather than

the nucleation mode.

An isothermal study of a 20 wt. % SDS solution was also performed using small-angle X-ray
scattering (SAXS), to provide evidence that the two techniques were comparable. As indicated
in Chapter 4, a change in the hydrate structure is observed when studying the crystallisation of
a pure SDS system at 0 °C. The structure of interest is the final one that forms, which matches
that detected in SDS + DDAO systems. Avrami analysis of this crystal form was attempted

using the pure SDS SAXS data. However, it proved challenging to determine the exact point at

142



Chapter 5 Insight into the kinetics of crystallisation of sodium dodecyl sulfate and mixed sodium
dodecyl sulfate and N,N-dimethyldodecylamine N-oxide systems

which the Bragg peak of this phase started to grow, since the peak was present at very low
amplitude for a prolonged period. This time point has an impact on the resultant Avrami
exponent. The time that the peak growth began was narrowed to a range between 400 and
500 s after reaching 0 °C. Taking t = 0 as 400 s and 500 s gave Avrami exponents of 2.9 and
4.3, respectively. Although a wide range, this is in line with the Avrami exponents acquired
from DSC, which range between 3 and 4. This indicates that the SAXS is comparable with
DSC, despite the difference in cooling rates. This is important since Avrami analysis of the SDS

+ DDAO system was performed using SAXS, rather than DSC.

5.4.2 Isothermal SDS + DDAO systems

Isothermal crystallisation of a mixed SDS + DDAO system was investigated using an
alternative technique, SAXS, where the change in peak area was related to the progression of
the phase transition. Scans acquired across the 60 minute runtime are provided in Appendix C.
However, the scans of interest are those acquired between 50 s and 120 s, when the Bragg peak
forms. The phase transition began at 52 seconds and a snapshot of SAXS profiles acquired
during crystallisation are depicted in Figure 5.3. However, when producing an Avrami plot, t =
0 s is taken as the start of the phase transition (52 s after the start of the run). This is evident in

Figures 5.4 and 5.5.
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Figure 5.3. Time resolved SAXS profiles acquired during the crystallisation of a 20 wt. % SDS

+ 3 wt. % DDAO system at 0 °C.

The change in peak area over time for this phase transition is plotted in Figure 5.4, where a
typical sigmoidal transformation is observed (Avrami, 1940). The crystal growth can be
described by the Avrami equation (equation 5.1). An Avrami plot for the SDS + DDAO system
is depicted in Figure 5.5 and the dataset is fitted with a linear trendline with a gradient of 3.07.
This gradient indicates an Avrami exponent of 3 which suggests the occurrence of a 3D crystal
growth with instantaneous nucleation or, alternately, 2D crystal growth and sporadic
nucleation. From previous work, DDAO was found to have a significant effect on both the
induction time and the rate of the process (see Chapter 4). Furthermore, in the presence of
DDAO, ring-shaped crystals were observed, indicating the presence of 3D growth. The Avrami
exponents of both the pure SDS system, at 14 °C, and the mixed SDS + DDAO system suggest
the presence of 3D growth. This is most likely because SDS is the major component of the

crystals in both systems.
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Figure 5.4. Change in peak area upon crystallisation of a 20 wt. % SDS + 3 wt. % DDAO

system when held at 0 °C with O s taken as the time of initial Bragg peak formation.
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Figure 5.5. Avrami plot for the crystallisation of a 20 wt. % SDS + 3 wt. % DDAO system when

held at 0 °C. Fitted trendline has equation: y = (3.07 + 0.141)x — 11.47 + 0.488 and R? =

0.987.
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5.4.3 Non-isothermal SDS systems

DSC thermograms were attained during the crystallisation of a pure SDS aqueous system at
different cooling rates (see Chapter 4, Figure 4.3). Despite the limited range of cooling rates,
differences are observed between the thermograms. A higher cooling rate resulted in a lowering
of the system’s crystallisation temperature, corresponding to the peak maxima. Although the
crystallisation temperatures and the associated onset and offset temperatures vary between the
different cooling rates, the total enthalpy AH remains consistent. The cooling thermograms are

expressed as heat flow, in Jg's1, as a function of temperature, in °C. Hence the peak area has
units of J°Cg-'s~t. To acquire the enthalpy of crystallisation, in Jg~!, the peak area must be

divided by the corresponding cooling rate.

Since the cooling rate is constant for each experimental run, the enthalpy and peak area are
directly proportional (Kuo et al., 2006). Therefore, the normalised crystalline content of a

sample at temperature T can be expressed as:

A(T)

XM =&

(5.5)

where X(T) is the relative normalised crystalline content at temperature T, A(T) is the area of
the cooling thermogram from the start of the crystallisation until temperature T and A4 (o) is
the total area of the crystallisation peak (Shapaan and Shaaban, 2010). The plot in Figure 5.6
illustrates the change in X (T) with temperature at different cooling rates, where all rates display
a sigmoidal curve of crystal formation. Initially the growth is limited by the probability of
nucleation. Once nuclei of a critical radii have formed, the growth then proceeds at a faster rate
before slowing towards the end of the phase transition when the new phase can act as a boundary

to any further solid formation.
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Figure 5.6. Relative change in the crystalline fraction with temperature for crystallisation of a

20 wt. % SDS system upon cooling to -5 °C across a range of cooling rates (0.1 °C/min

- 1 °C/min).

It is commonplace in crystallisation studies for the half life time of crystallisation to be reported
and compared across a range of conditions. This crystallisation half life, ti, is defined as the

time taken to achieve a relative crystallinity of 0.5. A plot of relative crystallinity versus time

is provided in Figure 5.7 where time, At, is calculated using equation 5.6:

T—Toy

at="1 (5.6)

where T is the temperature, To is the starting temperature and a is the cooling rate.
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Figure 5.7. Relative change in the crystalline fraction with time for crystallisation of a

20 wt. % SDS system upon cooling to -5 °C across the range of cooling rates (0.1 °C/min -
1 °C/min).
Using SigmaPlot, the best fit for the plots in Figure 5.7 can be achieved with the sigmoidal

function (equation 5.7):

X—X0

f=a+e (5 (>.7)

)

where f is the degree of relative crystallinity, x is the time from the start of crystallisation and
Xo, a and b are all constants. The values of xo, a and b that provide the best sigmoidal fit are

listed in Table 5.1. t1» was obtained on substitution of f = 0.5 into equation 5.7.

Table 5.1. Parameters attained when fitting a sigmoidal function to the crystallisation profiles

of a 20 wt. % SDS system attained at a selection of different cooling rates (0.1 - 1 °C/min).

Cooling rate / °C/min a X0 b ti2 /s
0.1 0.9776 | 2550 | 2.771 @ 25.63

0.2 0.9948 | 18.79 @ 2.214 | 18.82

0.4 0.9933 | 12.36 | 1943 | 12.39

0.6 1.007 | 10.39 | 1.140 @ 10.37

0.8 1.007 | 7.467 | 0.7808 @ 7.457

1 1.002 | 6.887 | 0.8499 @ 6.884
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If t12 is short, as occurs at the higher cooling rates, the crystal formation process is fast. Upon
exposure to higher cooling rates the solution becomes increasingly supersaturated after a given
time, compared to lower cooling rates, resulting in faster nucleation throughout the solution.
Although it may be possible to describe the primary stage of the non-isothermal crystallisation
with the Avrami equation, other models, such as the Ozawa model, are required to fully describe

the process.
5.4.3.1 Ozawa model

Applying the Ozawa model requires the presence of a temperature at which crystallisation is
occurring across all investigated cooling rates. 12 °C was selected as an appropriate temperature
condition for the pure SDS system and the crystalline fraction X (T') at this temperature for each

cooling rate was calculated using equation 5.6.

The gradient of the plot of log a against log[— In(1 — X (T))] gives the Ozawa exponent, from

which it is possible to gain further insight into the nature of the crystal growth (Figure 5.8).

05
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104
—1.5—-

log[-In(1-X(t))]

-2.0 1
-2.54

-3.0 T T T T T T T T T T T

loga
Figure 5.8. Ozawa plot for crystallisation of a 20 wt. % SDS solution. Fitted trendline has

equation: y = —(3.05 4+ 0.091)x — 2.68 + 0.048 and R? = 0.996.
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The trendline log[—In(1 —X(T))] = —3.05loga — 2.68 was fitted to the data set. The
Ozawa constant, m, was 3.05 and a K value of 2.68 was obtained. This m value implies that 3D
growth occurs. Non-isothermal crystallisation of pure SDS systems was previously studied
using optical microscopy and DSC (Miller et al., 2017). A value of 2.6 was attained for the
Avrami exponent, varying from the Ozawa exponent value calculated in this study. However,
Miller et al. utilised the Avrami equation which is not necessarily valid for non-isothermal
studies. As evident from the low standard errors in the slope in Figure 5.8, the non-isothermal

crystallisation of SDS can be successfully described by the Ozawa equation.
5.4.4 Non-isothermal SDS + DDAO systems

The influence of the cooling rate on the crystallisation of the SDS + DDAO system was
explored, using SAXS, across a wider range than for the pure SDS system. The cooling rate
was found to influence the degree of polydispersity in the system. All profiles have a P(Q),
represented by an oscillatory function caused by the scattering from crystallites during initial
formation. However, the oscillations are smoothed over by the presence of polydispersity.
There are different types of polydispersity, including shape, size and conformational dispersity.
For the purpose of this work the focus is size polydispersity when particles bear the same shape
but differ in radii, a common occurrence in colloidal systems. Highly monodispersed systems
have more prominent oscillations, whereas a distribution of particle radii results in a smoothing
of the slope (Hollamby, 2013). This can be shown by simulations of hard spheres in SASfit,
provided in Figures 5.9 (a) and (b). As the distribution of radii increases, the oscillations in the

slope begin to smooth out.
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Figure 5.9 (a) Simulation of data for hard spheres of R= 10 nm and (b) a mix of both R = 10

nmand R =5 nm.

For the SDS + DDAO systems, differences in polydispersity across the different cooling rates

are evident from the resulting scattering profiles, shown in Figure 5.10.
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Figure 5.10. SAXS profiles acquired 600 s after the beginning of the crystallisation process

occurring in a 20 wt. % SDS + 3 wt. % DDAO system, across a range of cooling rates.

Oscillations appear in the slope at low Q at the lower cooling rates (0.5 and 2 °C/min) but,
conversely, are not observed at the higher cooling rates. It is evident from Figure 5.10 that
increasing the cooling rate increases the degree of polydispersity of the nuclei. The maximum
and minimum of the form factor are only visible in the samples with lower cooling rates: 0.5
and 2 °C/min. Variations in polydispersity has been previously documented in other systems,
including the crystallisation of mefenamic acid in ethyl acetate (Mudalip et al., 2017), where
the narrowest crystal size distribution was found to result at the lower cooling rates. When a
solution is cooled slowly the rate of nucleation is lower than at a higher cooling rate, resulting
in the controlled formation of similarly sized crystals. At higher cooling rates the system

nucleates rapidly producing a wider crystal size distribution.
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5.5 Conclusions

Isothermal crystallisation of a 20 wt. % SDS system was described with the Avrami equation.
An increase in the Avrami exponent from 3 to 4 was observed upon increasing the holding
temperature from 12 °C to 14 °C. This indicated a change in the nucleation mode from
instantaneous to sporadic or a transition in dimensionality from 2 to 3, both with sporadic
nucleation. Previous studies, including those presented in Chapter 4, indicate 2D growth, in the
form of platelets and needles (Miller et al., 2016). However, the range of cooling rates used
varies from those applied in this study. With the mixed SDS + DDAO system, an Avrami
exponent of 3 was acquired upon holding at 0 °C indicating 2D or 3D growth occurs, depending
on the mode of nucleation. However, it is likely that the latter, 3D growth, is occurring, since

ring-shaped crystals have been observed by confocal Raman microscopy (Chapter 4).

Non-isothermal crystallisation of the SDS system across a range of cooling rates, from 0.1 to
1 °C/min, was successfully described using the Ozawa equation. An Ozawa exponent of 3 was
obtained, indicating 3D crystal growth. A prior non-isothermal study attained a value of 2.6 for
the Avrami exponent, but the Avrami equation is not necessarily valid for non-isothermal
studies (Miller et al., 2017). Crystallisation of the SDS + DDAO system was investigated across
a wider range of cooling rates with X-ray scattering and it was possible to infer about changes
in the polydispersity of the crystals. As the cooling rate decreased the polydispersity of the
crystallites also decreased, which is attributed to the slower nucleation rate at the lower cooling

rates thus enabling for more controlled crystal growth.

There are few studies discussing the crystallisation of surfactants, despite the importance of
surfactant solutions and their stability within the homecare, food and personal care industries.
In this study, insight into the crystallisation kinetics of 20 wt. % SDS and 20 wt. % SDS +

3 wt. % DDAO systems has been presented from both an isothermal and a non-isothermal

153



Chapter 5 Insight into the kinetics of crystallisation of sodium dodecyl sulfate and mixed sodium
dodecyl sulfate and N,N-dimethyldodecylamine N-oxide systems

perspective which will help further the understanding of the crystallisation process responsible
for stability issues in some detergents. It is anticipated that this knowledge will help industry to

improve product stability and test methods as part of their ongoing research and development.
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6.1 Abstract

Building on the knowledge gained from studying mixed sodium dodecyl sulfate (SDS) and
N,N-dimethyldodecylamine N-oxide (DDAO) systems, this chapter explores the crystallisation
of unstable dish liquid products at low and sub-zero temperatures. Alkyl sulfates are found to
be the major component of the crystals, composed of surfactant rich layers separated by layers
of water. In addition, nuclear magnetic resonance (NMR) showed that the crystals do not

contain any ethoxylated alkyl sulfates.

Product stability at low temperatures is extensively studied across many formulations. The
occurrence of crystallisation is detected via time lapse photography and light transmission
techniques. The amount of alkyl sulfate alcohol precursor, the alkyl sulfate to amine oxide ratio
and chemical nature of the alkyl sulfate paste in the formulation are shown to have a strong
influence on the stability of this homecare product at low temperatures. Increasing the amount
of alkyl sulfate alcohol precursor increases the susceptibility of a formulation to crystallisation.
Furthermore, a greater concentration of amine oxide improves the product stability at low and
sub-zero temperatures. Ethoxylated variants in the alkyl sulfate paste also help to improve the

stability of dish liquid products.

6.2 Introduction

As a result of a daily need for detergent formulations worldwide, these products must
demonstrate chemical and physical stability across a wide range of temperatures and climates
(Summerton et al., 2017). With the constant move towards low-cost, greener raw materials,
formulation of detergent products is an important part of research and development within
industry. In dish liquid formulations, the major components are anionic surfactants (alkyl

sulfates), amphoteric surfactants (amine oxides) and water (Lai, 1996). This combination forms
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the basis of a model system previously presented in Chapters 2-5. Anionic surfactants are used
in detergents because of their strong cleaning ability, foaming properties (Prud’homme, 2017;
Subramanyan and Ananthapadmanabhan, 2007) and relatively low cost. Amine oxides are
added, despite their greater cost, because of high compatibility with the other ingredients and
their foaming capability (Schramm et al., 2003). The finished product also contains other
components such as preservatives, dyes, ethanol, propylene glycol, perfume and salt, albeit at
much lower concentrations. It is vital that dish liquid products demonstrate a high level of
foaming, optimal cleaning performance, minimal skin irritation as well as retaining chemical
and physical stability across a range of conditions (Showell, 2016). This chapter focuses on
understanding how changes in the composition of dish liquid formulations can affect the

stability at low temperatures, when crystalline entities form in the solution.

Previous studies in Chapters 2-5 have focused on understanding the nature of this crystallisation
process through the use of pure SDS and mixed sodium dodecyl sulfate (SDS) and N,N-
dimethyldodecylamine N-oxide (DDAOQO) aqueous systems with the surfactants present at
concentrations typical of those in commercial dish liquid. Through nuclear magnetic resonance
(NMR) and small-angle X-ray scattering (SAXS) studies, the crystals were found to be mainly
composed of SDS hydrates with no or little DDAO present. In these crystals, SDS-rich layers
are separated by water layers. The same SDS hydrated crystals were detected upon cooling pure
SDS and mixed SDS + DDAO surfactant systems. However, an intermediary crystal structure
was only detected with the pure SDS system. The presence of DDAO was found to reduce the
tendency for SDS to crystallise as a result of an increased viscosity (ZaNa, 2007) and more
stable micelles. DDAO inserts into the SDS micelles and reduces the repulsion between the
negatively charged headgroups. This increases the favourability to form micelles and, in doing

so, lowers the monomer concentration available to form crystals. As a result, there is a decrease
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in the drive for crystallisation and the Krafft temperature of the system reduces (Soontravanich

and Scamehorn, 2009; Soontravanich, 2007).

In addition to the presence of DDAO, the alcohol precursor of SDS, 1-dodecanol, was also
found to influence SDS crystallisation (Summerton et al., 2016). 1-dodecanol promotes SDS
crystallisation by acting as a seed for the phase transition, with SDS crystals forming around

the alcohol globules.

In this work, knowledge gained from the simple model systems is applied to dish liquid systems.
Previous studies on the model SDS and SDS + DDAO systems indicated factors which could
influence stability. The effect of three variables on formulation stability at low temperatures are
considered in this investigation. These include the degree of ethoxylation in the alkyl sulfate
component, the ratio between anionic and amphoteric surfactants and the amount of the alkyl
sulfate alcohol precursor present in the formulation. Compositional and structural studies are

also performed on the crystals that form in dish liquid.

6.3 Materials and methods

6.3.1 Materials

Figure 6.1 shows a simplified flow diagram of dish liquid manufacture. The pastes of the
anionic (alkyl sulfates) and the amphoteric (amine oxides) surfactants are combined to form a

concentrated mixed surfactant paste. This is used to produce the final formulation.
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Figure 6.1. Simplified flow diagram for producing dish liquid (Bettiol et al., 2013).

6.3.1.1 Surfactant pastes

The surfactants used in dish liquid products are supplied to P&G as concentrated aqueous pastes
before the remaining ingredients are added. One paste comprising solely of the anionic (alkyl
sulfates) and a second composed of the amphoteric (amine oxides) surfactants were analysed at
concentrations of 20 wt. % and 3 wt. %, respectively. To attain the required surfactant
concentration samples were diluted with D,O, for NMR, or in distilled water, for DSC
measurements, and subsequently mixed for 15 minutes at room temperature before being left

for 24 hours so entrapped air could be released from the system.

The exact composition of the pastes was not available. However, the total carbon number of the
alkyl sulfates was known to be a distribution of C12, C13, C14 and C16. This alkyl sulfate paste
CxHy(OCH2CH2)mOSO3 -~ Na* also contained a distribution of ethoxylation degrees m. The
average degree of ethoxylation in this paste was 0.6 indicating most of the alkyl sulfates exhibit

m =0 or 1. The amine oxide paste contained a distribution of C12, C14 and C16 linear chains.
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As shown in Figure 6.1, the alkyl sulfate paste is formed from alcohol blends. For example,
SDS is produced in situ from 1-dodecanol. The alcohol blends contain natural and synthetic
alcohols. The total carbon number for natural alcohols is a distribution of C12, C14 and C16.
Synthetic alcohols have a total carbon number of C12 or C13 and may contain branching at the
C2 position. Both types may contain ethoxylated alcohols. The four different categories of
alcohols are provided in Table 6.1. Many variations of each type are possible due to changes in

the main carbon chain length, the branched carbon chain length and the number of ethoxy units.

Table 6.1. Four categories of alcohols present in blends used in the production of alkyl sulfates

present in dish liquid formulations.

Category name Origin Structure

Linear alcohol LA | Natural and o
Synthetic | L~ __OH n=10-14

n
Linear alcohol Natural and - -
ethoxylate Synthetic o)
Y y A OH
LAE
= =N m
R

Branched alcohol Synthetic

BrA n
OH
\E%l\/ R
n

Branched alcohol Synthetic

R
ethoxylate o n
BrAE \/}OH m
n m R

The amount of synthetic and natural alcohols in marketed formulations depends on their relative

3 5

5-9

CsHywherea=1-5
-7
-4
-Hywherea=1-5

0
1
C

prices, which fluctuates with time. As a result, P&G follow a process known as ‘surflexing’

where they change the alcohol blend depending on the current market.

A mixed surfactant paste containing both alkyl sulfates and amine oxides was also utilised in

NMR studies. The total surfactant concentration of the paste was 63.48 wt. %. The paste was
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diluted with D,O to obtain a surfactant concentration of 23 wt. %, which was used in the

measurements.

6.3.1.2 Dish liquid formulations

Specific details of each formulation cannot be disclosed but a general overview of the
production process is provided. The total surfactant concentration, active level, in a dish liquid
formulation is typically 28.69 wt. %. Typically, they contain 20. 76 wt. % sulfates, 6.95 wt. %
amine oxide and 1.00 wt. % alcohol ethoxylate. The surfactants are dissolved in a solvent
system composed of water, ethanol, phenxyethanol, sodium citrate, sodium chloride (NaCl),
polypropylene glycol, sodium hydroxide (NaOH) and Acticide™. These additional ingredients
are added to improve the consumer experience by altering the appearance, odour, viscosity and
pH (Lai, 1996). The formulations and surfactant pastes used in this study were prepared by the
sponsor company, P&G, at one of their manufacturing sites. During lab scale production, a
portion of water was mixed with the solvent, NaCl and polymers. After addition of each
ingredient, the solution was mixed with an overhead stirrer at 200 rpm for 2 minutes until the
ingredient was completely dissolved. Then the surfactant pastes were added, and the mixing
increased to 350 rpm for 10 minutes to compensate for the increased viscosity. Finally, the
necessary amount of NaCl, and ethanol were added to attain a viscosity of 1000 cP and a pH of

8.9. Dyes, perfume and the remaining water were added.

6.3.1.2.1 Formulation A

One dish liquid product, Formulation A, was specifically formulated to be unstable at low
temperatures and was used when investigating the composition and structure of the crystals.
The degree of ethoxylation m of the alkyl sulfate component CxHy(OCH2CH:)n OSO3 = Na* in
Formulation A averaged at 0.5 moles and the wt. % ratio of anionic to amphoteric surfactants

was set as 4.4:1. The total surfactant active level for this formulation was 28.69 wt. %.
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6.3.1.2.2 Formulations 1-32

32 different formulations were used to understand the impact of the composition on the stability
at low temperatures. As mentioned in Section 6.3.1.1, the alkyl sulfates in dish liquid
formulations are produced from alcohol blends via a sulfation process. The amount of alcohol
remaining in the final formulation is termed the ‘unreacted alcohol”’ and was investigated in the
range O - 0.25 wt. %. The anionic to amphoteric surfactant wt. % ratio ranged from 3.0:1 to
4.4:1 across the 32 formulations. The amount of Na2SO4 also differed between the formulations.
Although the exact composition of the formulations cannot be disclosed, the amounts or ratios
of the key ingredients are shown in Appendix D, Table D.1. To minimise further variability,

the surfactant concentration was 13.4 wt. % across all 32 formulations.

6.3.1.2.3 Formulations X1-X6

To explore how the nature of the alkyl sulfate component affects stability, two formulations
were produced, X1 and X6, using a blend of the alcohols previously displayed in Table 6.1. X1

and X6 contained the same degree of total branching in the alcohol blend (Table 6.2).

However, the two formulations varied in the molar amounts of the linear (LA) and branched
(BrA) alcohol contributions and linear (LAE) and branched (BrAE) ethoxylated alcohol
contributions. These differences resulted in the formulations having very different Low T
numbers (equation 6.1). The Low T number is a term developed by P&G to correlate
formulation composition with low temperature stability. The lower the Low T number the more
unstable the product is predicted to be. Currently this mathematical expression only considers
the alkyl sulfate surfactant component and not the factors described previously such as the

amounts of unreacted alcohol and amine oxide.
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LAE

LowT # = [(E

) * (BrA + BrAE)] (6.1)

where LAE = mol. % of linear alcohol ethoxylates, LA = mol. % of linear alcohol,

BrA = mol. % of branched alcohol and BrAE = mol. % of branched alcohol ethoxylates.

The blends were subsequently sulfated and the other ingredients added, while maintaining a
comparable completeness level, the same alkyl sulfate to amine oxide ratio (3.0:1) and the same

total surfactant concentration (35.8 wt. %) between the two products.

Completeness is related to the amount of alcohol remaining in the system (equation 6.2)

MW 1

C oy _ Al 0
ompleteness (%) = (e MWal) . 100 % (6.2)
MWaqs

where Act is the active level (wt. %), MWa and MWss are the molecular weights of the alcohol

and alkyl sulfate respectively and UnR is the amount of unreacted alcohol in wt. %.

Table 6.2. Composition of Formulations X1 and X®6.

LA/ LAE/ BrA/ | BrAE/ Total Low T # Completeness / %
mol.% | mol.% = mol.% ' mol. % @ branching

/ mol. %
X1 49.0 17.0 34.2 0.0 33 11.83 97.60
X6 56.8 7.1 26.4 9.9 33 4.54 97.77

The two formulations were then combined in various ratios to produce Formulations X2, X3,
X4 and X5, as shown in Table 6.3. This was achieved by mixing the solutions at 25 °C with an

overhead stirrer at 500 rpm for 30 minutes. The corresponding Low T number for each

formulation was calculated.
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Table 6.3. Composition and related Low T number for Formulations X1 — X6.

Nomenclature Amount of X1 /wt. | Amount of X6 / wt. Low T #
X1 100 0 11.83
X2 80 20 10.37
X3 60 40 8.91
X4 40 60 7.46
X5 20 80 6.05
X6 0 100 4,54

6.3.2 Methods

6.3.2.1 Time lapse photography

Crystallisation of dish liquid formulations was visually recorded with a Canon EOS 5D Mark
I1. 80 g of each formulation was added into a test bottle composed of polyethylene terephthalate
(PET). Samples were placed in a Memmert ICP 450 chamber, set to 0 °C. Images were
automatically captured every 10 seconds for a period of 7 days for each Formulation. A
backlight panel was used to minimise any light reflections. For each test, three replicates were
performed. One image set for each formulation was further analysed across the 7-day timescale

using an image analysis software developed by P&G that detects changes in homogeneity.

The software functions by converting the images to greyscale and assigning each individual
pixel a value from 0 to 255 depending on the greyscale intensity. Hence each image is a 2D-
matrix filled with pixel values between 0 and 255. A greyscale co-occurrence matrix (GCOM)
for the positional relation x = 0, y = 1 was made (Sebastian et al., 2012). The matrix depends
on how many times a certain difference in greyscale occurs between pixels with this chosen
spatial relationship. The matrix was subsequently normalised and the homogeneity, a statistical

property of the matrix (Rao et al.), was calculated (equation 6.3).

Homogeneity = ; ; (3) (6.3)

1+[i~j
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where i and j refer to the greyscale intensity of the i and j™ pixels; p(i,j) is the cooccurrence
probability of pixels i and j. The area of analysis was selected such that it incorporated most of
the bulk within the bottle. Graphical plots showing the change in homogeneity across the

different formulations were produced in OriginPro (v.9.0).
6.3.2.2 Microplate method

The microplate method, a technique developed by P&G, was based on detecting the presence
of crystals through a change in light intensity passing through the sample. The rig used was
built from a camera (model IDS UI-5240RE-C-HQ PoE Rev.2), a servo motorised polarizer, a
fixed polariser and a light source. 270 uL of the product was pipetted into each well of a
transparent bottomed 96-well microplate, and subsequently inserted into the rig. The sample
tray was located between the camera and the light source. The polarisers were set parallel to
one another. A simplified schematic of the setup is provided in Figure 6.2(a) and Figure 6.2(b)

is a typical 96-well microplate.
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(a) (b)

) Polariser

LT TLL L L LT L L1 J]96welmicroplate

i Polariser

(A R N |

Light source

Figure 6.2. () Schematic of equipment setup where the polarisers can be set parallel or

perpendicular; (b) A typical 96-well microplate.

Crystal formation was detected by a reduction in the light intensity transmitted from the source
through the sample to the camera. Each test was performed four times. The recorded intensity
lay in the greyscale range 0 to 255 where 255 was 100 % light transmittance through the sample.
When the intensity falls below 150 P&G deem the sample failed. Plots showing the change in
transmission over time for the different formulations were produced in MS Excel and OriginPro

(v.9.0).

6.3.2.3 X-ray scattering

SAXS (small-angle X-ray scattering) and wide-angle X-ray scattering (WAXS) data were
obtained using the 122 beamline at the Diamond Light Source, Oxfordshire, UK. Capillaries
were securely fixed in a cooling bath at 0 °C for 64 hours. After this time, samples were loaded

into 1.5 mm special glass capillaries and mounted in the beam within the Linkam DSC600
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capillary stage, set to 0 °C. A 12.3989 keV (A =0.099987 nm) beam was used with a sample-

detector distance of 6702.56 mm, providing a detectable Q-range on the SAXS detector of order

0.02-2.5nm™" and 1.51 - 60.57 nm™ on the WAXS detector.

Data processing was performed as described in Chapters 3, 4 and 5 (Summerton et al., 2018).
The data at 25 °C and 0 °C was analysed using the SASfit software package (Bressler et al.,
2015) using a simple model comprising a power law, a spherical shell contribution and a
contribution from background scattering. The profile at 0 °C also contained an additional Bragg
peak contribution. The graphical package OriginPro (v.9.0) was used to plot the SAXS and

WAXS profiles.

6.3.2.4 Nuclear Magnetic Resonance (NMR)

NMR measurements were performed on the surfactant pastes with Wilmad Precision 5 mm
NMR tubes, using a Bruker AVANCE spectrometer equipped with a 9.6 T vertical bore magnet,
operating at a *H resonance frequency of 400.13 MHz and fitted with a 5 mm BBO probe. The
sample temperature was controlled using a BVT3200 unit. Samples were equilibrated at each
temperature for a minimum of 30 minutes. Spectra at each temperature were acquired using a
pulse acquire sequence, [90°-acq]. A spectral width of 8 kHz was used with 32k complex data
points collected. 64 signal averages were acquired with a repetition time of 15 s, which was
greater than 5T1 for the protons in the SDS and DDAO surfactants. *H NMR spectra were
acquired at the following temperatures: 10 °C, 5 °C, 0 °C, -3 °C, -5 °C. At least two replicates
were performed at each temperature. Spectra were processed using MestReNova software
(v10.0.2), in which the triplet in SDS was set at 3.7 ppm for all temperature and pH

environments, which is the value for this proton in DMSO-ds (SDBS).
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6.3.2.5 Differential scanning calorimetry (DSC)

DSC thermograms were acquired using a Mettler Toledo DSC 2 fitted with a Huber TC100
bath. Approximately 20 mg of the solution was placed into a 100 uL. aluminium pan and into
the furnace of the instrument. A blank cell was used as the reference sample. The temperature
cycle consisted of cooling the system from 25 °C to —10 °C at the lowest available cooling rate,
1 °C/min, and then holding at —10 °C for 20 minutes. Initially a blank cell was exposed to the
temperature cycle and then subtracted from subsequent measurements. Three replicates were

acquired for each surfactant solution. The resultant data was plotted in OriginPro (v.9.0).

6.4 Results and discussion

6.4.1 Composition and structural attributes

Prior NMR and SAXS studies on the crystallisation of mixed 20 wt. % SDS + 3 wt. % DDAO
surfactant solutions determined the crystals to be predominately composed of SDS (Chapter 3).
However, it was also found, from confocal Raman studies, that the DDAO surfactant tends to
surround the SDS crystals, rather than dispersing evenly through the solution (Chapter 4).
Following the investigations of this simple SDS + DDAO system, a low temperature NMR
study was performed on a surfactant paste comprising of alkyl sulfates, both ethoxylated and
non-ethoxylated, amine oxides and water. Full details on the composition of this complex
surfactant paste were not available so a full assignment could not be performed. However,
certain regions of the room temperature *H NMR spectrum are assigned to the different
surfactant types, as provided in Figure 6.3. As a result of the work performed on the SDS +
DDAO system (see Chapter 3) it is possible to assign certain regions above 2.9 ppm to proton

environments from non-ethoxylated alkyl sulfates and amine oxides. As a result, remaining
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peaks above 2.9 ppm must result from proton environments present in ethoxylated alkyl
sulfates.
Blue: Amine oxide

Red: Ethoxylated sulfate
Green: Non-ethoxylated sulfate

‘/\LJ /\/\
40 35 30 25 20 15 10 05 0.0
Chemical shift / ppm

Figure 6.3. *H NMR spectrum for a typical dish liquid paste dissolved in D20 at 25 °C.

The 'H NMR spectra of this paste, acquired upon cooling to various temperatures, is shown in
Figure 6.4. The regions between 2.9 and 4.0 ppm are of particular interest since this region

allows for differentiation between the three types of surfactants.
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Figure 6.4. 'H NMR spectra for dish liquid surfactant paste upon cooling.

The intensity of Ha, located at 3.67 ppm in Figure 6.4, reduces upon cooling from 5 °C to 0 °C.
This indicates that the non-ethoxylated alkyl sulfate component is undertaking a phase
transition. It is also observed that Hs, at 2.88 ppm, also broadens and reduces in intensity as the
temperature is progressively lowered. A similar observation was previously reported with the
SDS + DDAO system and was explained by association of the DDAO surfactant to the SDS
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crystal (see Chapters 2 and 3). Conversely, peaks relating to protons from the ethoxylated alkyl
sulfates, such as H, do not display any significant decrease in signal intensity, with the relative
peak intensities plotted in Figure 6.5. This observation suggests that ethoxylated alkyl sulfates
do not comprise the crystals nor do they reside in the region of the crystals. The very slight
decrease in Ha is likely a result of the viscosity of the solution increasing upon cooling and

impacting the molecular mobility.
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Figure 6.5. Change in NMR intensity for proton environments from the different surfactant

structures upon cooling.

Further evidence for the composition of the crystals is provided upon comparing the cooling
DSC thermograms of aqueous 20 wt. % samples of the alkyl sulfate paste, which contains a
degree of ethoxy units, and SDS (Figure 6.6). The SDS solution displays a crystallisation peak,

with a peak maximum residing at 1.1 °C. However, the ethoxylated alkyl sulfate sample does

not display crystallisation above —10 °C.
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Figure 6.6. DSC thermograms for 20 wt. % SDS (black line) and 20 wt. % ethoxylated alkyl

sulfate paste (red line) solutions acquired upon cooling from 25 °C to -5 °C.

The absence of a crystallisation peak upon cooling the ethoxylated alkyl sulfate solution
illustrates the reduced tendency for crystallisation when ethoxy units are present in the
surfactant structure and a resulting decrease in the Krafft temperature of the system (Weil et
al., 1959; Bel'skii, 2003; Farn, 2008). Similarly, a study into calcium and sodium dodecyl
polyoxyethylene sulfates reported a decrease in the Krafft temperature upon an increase in the
number of oxyethylene units (Hato and Shinoda, 1973). The Krafft temperature of a system
depends on the capability of the surfactants to close pack in a crystal structure (Kronberg et al.,
2014). Factors such as branching, an increased distribution of chain lengths or the addition of

large ethoxy groups therefore reduce the favourability to form crystals (Tadros, 2017).

Aside from understanding the composition, structural factors were also investigated. The SAXS

profiles of a dish liquid product, Formulation A, acquired at both 25 °C and 0 °C, after 64 hours,
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are displayed in Figure 6.7 where an appropriate model has been successfully fitted to both

profiles.

(a)
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Figure 6.7. SAXS profiles for Formulation A at (a) 25 °C and (b) after 64 hours at 0 °C. The

red lines correspond to fits to the data as described in the text and Appendix C.

The underlying double hump in both SAXS profiles results from contributions from a form
factor P(Q) and a structure factor S(Q) and is characteristic of a micelle structure. The profiles
have been fitted to spherical shell micelles, but it is likely that there is a wider distribution of
micelles in the dish liquid including ellipsoids, rods and worm-like micelles. However, from a

SAXS perspective, these aggregates are relatively similar providing they are of comparable
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dimensions. The core radius increases from 1.79 nm at 25 °C to 1.95 nm at 0 °C and the shell
radius decreases from 0.57 nm to 0.49 nm. Aside from the power law, background scattering
and micelle contributions, the profile at 0 °C also displays a Bragg peak due to the formation
of hydrated alkyl sulfate crystals. Further details of the fit parameters are provided in Appendix
C. Two further equally spaced Bragg peaks are observed in the corresponding WAXS profile
(Figure 6.8) which is typical of a lamellar-type phase. The spacing between these Bragg peaks
relates to the d-spacing between the layers of alkyl sulfate within the crystals, which are
separated by water (Hammouda, 2013). A similar profile was reported for SDS hydrated

crystals formed from the model SDS + DDAO system (see Chapters 3 and 4).

Q) / A.U

Figure 6.8. WAXS profile for Formulation A, acquired after 64 hours at 0 °C.

The first Bragg peak in the SAXS profile for the pure 20 wt. % SDS system, when exposed to
the same temperature condition, initially appears at 1.65 nm* but, after approximately 400 s, it
is replaced by a peak at 1.91 nm- as a result of the system transitioning to a different hydrate
form (see Chapter 4). This matches the first Bragg peak that forms upon crystallisation of SDS
from a 20 wt. % SDS + 3 wt. % DDAO system. However, in the case of dish liquid
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crystallisation, the first Bragg peak appears at 1.71 nm~in the SAXS profile. A hypothesis for
the peak deviation from the model SDS + DDAO system is based on the existence of the other
components affecting the d-spacing of the system, moving it closer to the intermediary structure
that a pure SDS system initially forms. The approximate size of the crystals was estimated as
574 nm via the Scherrer equation, which depends on the X-ray wavelength, line broadening at

half peak maximum and the associated Bragg angle (Patterson, 1939).

From the NMR and SAXS studies, it can be deduced that the major component of the crystal,
in agreement with model system findings, are the non-ethoxylated alkyl sulfates. These
surfactants form a hydrated crystal structure composed of layers of alkyl sulfate separated by
water layers. This layered structure gives rise to lamellar peaks in the WAXS profile (Figure
6.8). As evident from the DSC studies, crystals formed from the non-ethoxylated alkyl sulfates
are more thermodynamically favoured than those formed from the ethoxylated alkyl sulfate
surfactants. The presence of ethoxylation has been reported to lower the Krafft temperature
(Jalali-Heravi and Knouz, 2002; Hato and Shinoda, 1973; Weil et al., 1959). This is due to

steric hindrance between the bulky ethoxy headgroups when close packed in a crystal structure.
6.4.2 Influences of formulation composition on low temperature stability

Many factors influence alkyl sulfate crystallisation in dish liquid at low temperatures. By
monitoring a selection of formulations at 0 °C, it was revealed that the ratio of alkyl sulfate
(both linear and ethoxylated alkyl sulfates) to amine oxide and the amount of alkyl sulfate
alcohol precursor (‘unreacted alcohol’) are key contributors to the stability, as depicted in

Figure 6.9.
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Figure 6.9. Screening for the presence of crystalline failures after 7 days at 0 °C across a
formulation space varying by the ratio of amount of alkyl sulfate (AS) to amine oxide (AO) and
the amount of unreacted alcohol (UnR) across a range of sodium sulfate concentrations
(wt. %). A cross indicates at least one failure out of 4 replicates. A failure corresponds to a

transmission intensity, detected via the microplate technique, below 150.

In Figure 6.9 it is evident that failures (red crosses) occur in formulations containing a high
‘unreacted alcohol’ content or a high ratio of alkyl sulfate to amine oxide. This is explored

further in the following sub-sections.
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6.4.2.1 Ratio of alkyl sulfate to amine oxide

DDAO exhibits non-ionic characteristics in dish liquid as it is an alkaline environment (Singh
et al., 2006). The presence of DDAO reduces the repulsive interaction between the SDS head
groups in micelles (Sidim and Acar, 2013; Sidim and Arda, 2011). This reduced repulsion
results in an increased tendency to form micellar aggregates so the SDS monomer concentration
decreases. Since the crystalline entities are formed from SDS monomers, the drive for
crystallisation also decreases (Rodriguez et al., 2001). As a result, the Krafft temperature, below
which there is a risk of crystallisation, reduces with an increase in DDAO concentration. In
Chapter 4, the crystallisation temperature of SDS + DDAO systems, acquired by DSC,
decreased with amount of DDAO (Summerton et al., 2018). Figure 6.9 demonstrates that this
trend also holds for the dish liquid systems since the formulations that display failure are those

with the highest ratio of alkyl sulfate to amine oxide.

6.4.2.2 Completeness level

The stability of dish liquid formulations at low temperatures was also found to depend on the
amount of alcohol precursor remaining in the solution, referred to as the amount of ‘unreacted
alcohol” in P&G terminology. The process of sulfation does not provide a 100 % yield and
some alcohol precursor remains in the final formulation. The target completeness for dish liquid
formulations is 98.5 %, with low completeness set at 97.5 % and high completeness set as above
99.25 %. The completeness is not targeted at 100 % because there is a risk of discolouration at
the higher levels. It is reported in the literature that the existence of alcohols enhances the
stability of micelles, which contain surfactants of matching hydrocarbon chain length, at
ambient temperature and low surfactant concentrations (Patist et al., 1998). However, at low
temperatures the existence of the alcohol precursors can have a negative impact on the stability

of dish liquid formulations. The crystallisation temperatures of alcohol precursors are higher
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than their corresponding alkyl sulfates. The crystallisation temperatures of 1-dodecanol
(5 wt. %) and SDS (20 wt. %) are 24 °C and 13 °C, respectively, when cooled at a rate of
0.1 °C/min (Summerton et al., 2016). Although the alcohols are trapped in micelles, they are
likely to crystallise out when the formulation is exposed to low and sub-zero temperatures. It is
hypothesised that crystallised alcohol precursor seeds surfactant crystallisation. The most
effective seeds are those that have the same structure or bear some degree of structural
resemblance to the target crystal (Allahyarov et al., 2015). In previous work (see Chapter 2),
microscopy and differential scanning calorimetry (DSC) studies showed that 1-dodecanol is
able to seed SDS crystallisation (Summerton et al., 2016). The formulations in Figure 6.9 that
contain highest amounts of ‘unreacted alcohol’ and a high alkyl sulfate to amine oxide ratio
develop crystalline failures at 0 °C after 7 days. This illustrates the importance of these two

parameters on low temperature stability of dish liquid formulations.

6.4.2.3 Alkyl sulfate paste

Aside from the completeness level and the ratio of alkyl sulfate to amine oxide, the chemical
nature of the alkyl sulfate paste is important for low temperature stability. The Low T number
(equation 6.1), introduced in Section 6.3.1.2.3, was proposed by P&G as a means predict the
stability of dish liquid products from the composition of the alkyl sulfate surfactant paste.
Further modification of this equation is required to incorporate amine oxide and the
completeness level. However, for the purpose of this chapter, the relationship between the Low

T number and the amount of crystallite material or time to failure is investigated.

Figure 6.10 indicates that the degree of crystalline entities after 7 days increases with a decrease
in the Low T number of the formulation. From equation 6.1, a low value for the Low T number

corresponds to high amount of linear alkyl sulfate. This is further evidence that these alkyl
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sulfates are indeed the driving force for crystallisation. Such a finding also agrees with the NMR

data which indicated ethoxylated alkyl sulfates are not present in the crystals.

X1 X2 X3
LowT# 11.83 LowT# 10.37 LowT# 8.91
T | — —
\ | ]
X4 X5 X6
LowT# 7.46 LowT# 6.00 LowT# 4.54
T— | — R

-

Figure 6.10. Images of formulations with differing Low T number after 7 days holding at 0 °C.

The induction time and rate of the crystal growth were investigated across the six formulations.
This was achieved by monitoring the changes in the homogeneity, using an image analysis
technique developed by P&G (see Section 6.3.2.1). The degree of greyscale homogeneity
between neighbouring pixels decreases as crystals are formed. Once crystals comprise most of
the system, the homogeneity starts to increase again. The time to the initial reduction in
homogeneity can be used to predict the induction time and the gradient of slope can be used to

estimate relative rates of crystallisation between the different formulations. Each test was
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performed in triplicate but, due to limited time on the experimental setup, reflections from
surrounding sources were unavoidable for some repeated measurements. However,
reproducibility is demonstrated for one of the formulations, X6, in Figure 6.11, where all three

replicates were suitable for analysis.
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Figure 6.11. Change in homogeneity for the three X6 replicates across a 7-day period at 0 °C.

X2, X3, X4 and X5 also demonstrated reproducibility visually but the presence of light
reflections had an effect on further analysis. For the most stable formulation, X1, only one of
three samples developed a significant amount of crystals after 7 days. This demonstrates the
variability that can occur with this test method, which is likely a result of factors difficult to
control such as the presence of dust particles acting as seeds to crystallisation. For each
formulation (X1-X6) the sample with minimal light reflections was used in the homogeneity
analysis presented in Figure 6.12. Examples of the output greyscale images are provided in

Figure 6.13 for Formulation X6.
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Figure 6.12. Homogeneity analysis of X1, X2, X3, X5 and X6 over a 7-day period at 0 °C.
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Figure 6.13. Greyscale images for Formulation X6 at various time points and their

corresponding homogeneity index.

A decrease in the homogeneity index corresponds to the initial crystal formation. The

subsequent increase is due to the crystallised area increasing and occupying most of the
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analysed area. In X3 and X4 there are slight fluctuations in the increasing slope which is
attributed to a shift in the crystal bulk when the accumulation of crystallite entities collapses
and rearranges. The formulation with the highest Low T number, X1, displays a slight drop in
homogeneity which is attributed to the appearance of one small group of crystals in the bulk.
Furthermore, Formulation X2 (Low T number = 10.37) does not display any significant drop
in homogeneity until the 3-day timepoint. The remaining formulations all fail within a relatively
short time scale, with only slight differences between X3, X4 and X5. There are two variables
to consider when comparing between formulations. Firstly, the time lag to the decrease in
homogeneity and, secondly, the gradient of the decrease. The latter can be related to the rate of
crystallisation and the former to the induction time. The gradient of the decrease is calculated
by fitting a linear trendline to the relevant section of the plot. The variation in the rate of
crystallisation and induction time across the formulations are plotted in in Figures 6.14(a) and

(b), respectively.
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Figure 6.14. Plot of (a) rate of crystallisation and (b) induction time against the Low T number

of the formulation.

For the most part, there tends to be a decrease in the rate of crystallisation as the Low T number

increases. However, the three formulations with the lowest Low T numbers all crystallise
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relatively fast with minor differences in their rates. The induction time, corresponding to the
time taken to observe a change in gradient, also demonstrates an increase with Low T number.
The most stable formulation, with a Low T number of 11.37, is not included on the graph
because there is no notable change in gradient. For the remaining four formulations there tends
to be a positive correlation between induction time and Low T number. However, X5
crystallises faster than expected. This may be due to the presence of dust particles seeding
crystallisation. Such a factor is difficult to control between the different formulations. Despite
this outlier, there is a clear trend displaying a general increase in induction time with an increase

in Low T number.

The Low T number, and therefore the composition of the alkyl sulfate paste, has been shown
to influence both the induction time and rate of crystallisation. The molar proportion of linear
alkyl sulfate in the formulation and the Low T number have an inverse relationship. A higher
proportion of linear alkyl sulfate results in high instability, whereas the inverse is true with the
ethoxylated alkyl sulfate. This is to be expected since, from previous investigations, it is known
that the crystals are primarily composed of non-ethoxylated alkyl sulfates due to their packing
ability. Although these alkyl sulfates appear to be detrimental for low temperature stability,
they are key for product performance, so it is necessary that formulations employ a balance

between the two effects.

6.5 Conclusions

Crystals formed from unstable dish liquid products upon cooling was found to mainly comprise
non-ethoxylated alkyl sulfates. The surfactants were present as hydrated crystals in a lamellar-
type phase. From NMR studies, it is concluded that ethoxylated alkyl sulfates do not form part
of the crystals, prior to complete freezing of the system. This is attributed to the larger

headgroup of these sulfates resulting in a steric interaction when in a close packed crystal
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arrangement. This consequently reduces the thermodynamic drive for crystallisation, compared

to non-ethoxylated variants.

Monitoring the stability across a selection of formulations revealed the importance of the
composition on the low temperature stability of the product. Some initial insight has previously
been gained from the SDS + DDAO model systems, but the knowledge was applied to complex
dish liquid systems in this chapter. A lower alkyl sulfate to amine oxide ratio improved the
robustness of the formulation whereas an increased amount of alkyl sulfate alcohol precursor
proved detrimental for stability. Furthermore, the structures of the alkyl sulfates were found to
be of paramount importance for low temperature stability, with the linear alkyl sulfate being
the main driving component for crystallisation. The presence of ethoxy groups in the alkyl
sulfate component was found to improve stability of the formulation. This understanding will

be valuable for P&G when designing new, or refining existing, dish liquid formulations.
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7.1 Abstract

Productivity is a key priority for fast-moving consumer goods (FMCG) companies such as
P&G. Improving the stability tests performed on dish liquid products will contribute to
increasing productivity for P&G. This can be achieved by reducing the timescale and variability
of product failures resulting from crystallisation. This chapter introduces two methods explored

in the initial screening process.

Seeding formulations with oven-dried dish liquid is the first approach to be investigated.
Although initially found to be promising, it was not pursued beyond initial screening due to
practical limitations. The rough surface topology of the seed and the similarity in composition
between the seeds and target crystals are key to the success of this method. The second approach
relies on using sonication to initiate crystallisation in bulk. With this method, issues arose due
to a lack of reproducibility. A third method, the use of agitation, yielded success in the initial

screening and is investigated in further detail, as described in Chapter 8.

7.2 Introduction

Fast moving consumer goods (FMCG) companies, such as P&G, strive for their products to be
market-leading. During product development, formulations are assessed in terms of their
cleaning performance, mildness, foaming properties and stability (Bajaj et al., 2012; Falbe,
2012). The latter is particularly important when products are supplied to countries exhibiting
extreme climates. Stability testing involves monitoring changes in formulation appearance upon
exposure to varying temperatures and humidity levels (Williams and Schmitt, 2012). At P&G,
the temperatures range from -3 °C to 50 °C and the maximum humidity level is set at 60 %
Relative Humidity (RH). Assessing product stability at 0 °C is a widely used test condition at

P&G and there is large chamber dedicated to this temperature. Formulations experience this
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low temperature in some countries during winter months. In addition to assessing the
appearance across a selection of controlled temperatures, the products are subjected to freeze-
thaw cycles where the effect of continuous heating and cooling on sample stability is monitored.
This type of testing is also important in other industries. For example, in the food sector,
freezing is often used by consumers for preservation purposes (Degner et al., 2014). When

defrosting the product, it must retain all chemical and physical attributes.

In this research, the product of interest is dish liquid, where there is a risk of surfactant
crystallisation at low and sub-zero temperatures in some formulations (Summerton et al., 2017).
The stability tests performed routinely on P&G dish liquid products at low temperatures can
take 28 days and exhibit variability in failure times between samples. Providing the capability

to reduce the timescale and associated variability will increase productivity.

The addition of a seed crystal has been reported to reduce the time to crystallisation in some
systems since its presence increases the rate of heterogeneous nucleation (Summerton et al.,
2016; Okawa et al., 2001). Seeds are often composed of the target crystals. However, other
objects have been used as seeds, such as animal hair and hard spheres (Cacciuto et al., 2004;
Bergfors, 2003). Rough surfaces, impurities and dust particles can also act as bases for this type

of nucleation (Allahyarov et al., 2015; Maksimov et al., 2013).

This chapter explores routes to improve the efficiency of the stability tests performed on dish
liquid products at low temperatures. The three methods investigated include seeding with oven-
dried dish liquid, sonication and mixing, with the latter being the focus of Chapter 8. With
optimisation of this methodology, it is expected that the knowledge will be extended to other

products that experience similar failure issues, such as fabric conditioners and shampoos.
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7.3 Materials and methods

7.3.1 Materials

7.3.1.1 Formulations

32 formulations were prepared according to the P&G standard operating procedure previously

outlined in Section 6.3. Properties of these 32 formulations are described in Section 6.3.1.2.2.

7.3.1.2 Oven-dried dish liquid seeds

For each formulation, oven-dried seed material was produced from the bulk by heating 20 g of
the product in an oven at 70 °C for 20 hours. After this time, there was negligible change in the
product mass (see Appendix E). The resultant white, sticky solid was moulded into spherical
seeds with a diameter of 2 mm (for microplate studies) and 3 mm (for vial studies). These seed
sizes were selected for ease of preparation. Seeds formed from a particular formulation were

solely used to seed that product.

7.3.2 Methods

7.3.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed using a Hitachi TM3030 table top
microscope. The oven-dried dish liquid samples were sputter coated with a thin gold conductive
film prior to analysis by the instrument. Images were collected under low vacuum (100 Pa)

using x800 magnification. The images were analysed using ImageJ.

7.3.2.2 Optical microscopy

An optical microscope, model Leica Z16 APOA, was coupled with a Linkam LTS120 Peltier

stage and used to observe the topology of oven-dried dish liquid at different length scales. A
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screenshot of the microscope settings is provided in Appendix A. Images were analysed using

ImageJ.

7.3.2.3 Microplate method

The microplate method, a technique developed by P&G, was based on detecting the presence
of crystals through changes in light transmission. The rig used was built from a camera (model
IDS UI-5240RE-C-HQ PoE Rev.2), a servo motorised polarizer, a fixed polariser and a light
source. 270 uL of the product was pipetted into each well of a transparent bottomed 96-well
microplate, and subsequently inserted into the rig. The sample tray was located between the
camera and the light source. The polarisers were set parallel to one another. A simplified

schematic of the setup is provided in Chapter 6, Figure 6.2.

Crystal formation was detected by a reduction in the light intensity transmitted from the source
through the sample to the camera. Each test was performed four times. The recorded intensity
lay in the greyscale range 0 to 255 where 255 was 100 % light transmittance through the sample.
When this intensity falls below a value of 150, P&G deem the sample failed. Plots showing the
change in transmission over time across the different formulations were produced in MS Excel

and OriginPro (v.9.0).

7.3.2.4 Time lapse photography

Two vials containing 18 g of each formulation were placed in the 0 °C chamber; one with a
seed and one without. Images were acquired after 48 hours using a Canon EOS 100D. A black

background was used to minimise reflections from surrounding sources.

7.3.2.5 Sonication

Samples, each in quadruplicate, were pipetted into microplates and placed in a Polaris

sonication bath within the 0 °C chamber. The bath was filled with a mixture of brine and water,
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to prevent it freezing. Sonication was applied for 30 seconds followed by a 5 second break and
then a further 30 seconds of sonication. The samples were then analysed with the microplate

method (Section 7.3.2.3).

7.4 Results and discussion

7.4.1 Oven-dried dish liquid seeding

7.4.1.1 Nature of the seed

Seeds are most efficient when they are comprised of the target crystals (Bergfors, 2003).
However, it proved challenging to separate the crystals formed in dish liquid at low
temperatures from the bulk. This was due to the viscous solvent system and the tendency for
the crystals to melt at room temperature. These factors meant that it was not possible to seed
the formulation with the pure crystals themselves. As an alternative, oven-dried dish liquid was
used as seed crystals (Cacciuto et al., 2004; Bergfors, 2003). Microscope images of the oven-
dried dish liquid material at various length scales are displayed in Figures 7.1(a), (b) and (c),

with the sharp crystalline surface especially evident from the latter image. The SEM image

displayed in Figure 7.2 shows the rough surface of the material.

Figure 7.1. Microscope images of typical oven-dried dish liquid at varying length scales where
(@) and (b) show a sample of oven-dried dish liquid before being moulded into seeds and (c) is

a seed placed in the well of a 96-well microplate.
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Figure 7.2. SEM image illustrating the rough surface of an oven-dried dish liquid seed.

It is hypothesised that the crystalline surface of oven-dried dish liquid seeds will act as a base
for heterogeneous nucleation (Diao et al., 2011). Additionally, these seeds have a similar
chemical composition to the crystals. This factor will also promote crystal growth from the seed
surface (Summerton et al., 2016). Upon oven-drying dish liquid, water, ethanol, and perfume
evaporate to leave a material primarily composed of the anionic, non-ionic surfactants and some
remnant water. The crystals are known to be comprised of alkyl sulfate hydrates (see Chapter

6). Therefore, the seeds are expected to be similar in composition to the target crystals.

7.4.1.2 Seeding formulations with oven-dried dish liquid

Four of the 32 formulations (Samples 3, 7, 9, 32) contained crystalline entities after 48 hours at
0 °C. Figure 7.4 displays these four samples after this time, in the absence and presence of a
3 mm oven-dried dish liquid seed. In all four cases, the seeded sample contained more crystals
than the control. A ‘tail structur’ was observed in the seeded samples, from which the crystals
appeared to grow. This is possibly caused by the seed sinking through the bulk and leaving

behind a trail of smaller seeds from which crystals can grow. The images show that seeding
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with oven-dried dish liquid promotes crystallisation in unstable dish liquid samples that are

susceptible to crystallisation.

Figure 7.3. Seeded (left) and control (right) results for Samples 3, 7, 9 and 32 after 48 hours

at0 °C.

The first 10 samples of the 32-sample set contained both unstable and stable samples, where
stable samples were not prone to crystallisation within the 28-day timescale. These 10 samples
were monitored over 7 days at 0 °C using the microplate technique. This technique is used
extensively in P&G because of its ability to test many replicates in a much smaller space than
would otherwise be required. Images of the microplates containing the selected 10 samples are
shown in Figure 7.4 with each column corresponding to a sample performed four times.
Samples 3, 7 and 9 were known to fail within the 28-day specification limit. In the presence of
a 2 mm oven-dried dish liquid seed, crystals formed in those three formulations after 48 hours.

Conversely, in the absence of a seed, these formulations did not crystallise at such an early
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stage, illustrating the capability of this seeding technique. These results also demonstrate that
this technique is specific to unstable formulations. If it were to be implemented, the technique
would need to be compared against the current test method to determine the time that

corresponds to the 28-day specification limit.

(a)
Sample number
1 2 3 4 5 6 7 8 9 10
48 hours
(b)

Sample number
i 2 3 4 5 6 7 8 9

24 hours

Figure 7.4. Microplate images for Samples 1-10 after 48 hours exposure to 0 °C (a) in the

absence of any seeding and (b) in the presence of oven-dried dish liquid seeding.

P&G have previously investigated another seeding method involving the addition of 1 mm

diameter metal balls into formulations, with crystallisation monitored via the microplate
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technique. However, this route comes with the disadvantage that the resultant system might not
be representative of a bottle sample since the addition of a ‘foreign object’ has the potential to
alter properties of the bulk. Secondly, the timescale was not reduced to the same extent as oven-
dried dish liquid seeding. The histogram in Figure 7.5 plots the transmission intensity for the
first 10 samples at O °C after 7 days, with each sample performed in quadruplicate. In the
absence of any crystal formation the transmission is high, with a maximum value of 255. As
crystalline entities develop within the bulk, the transmission intensity reduces. Three of the 10
samples (Samples 3, 7 and 9) are known to fail. Therefore, there were a total of 12 unstable

samples since each sample was repeated four times.

In the absence of any seed, only one sample (sample 9) displayed a reduction in light
transmission after 7 days (Figure 7.5). However, in the presence of a seed, a higher sample
frequency was obtained at lower transmission values. Comparing between the two seeding
techniques in Figure 7.5, it can be concluded that oven-dried seeding reduces the transmission
of the unstable samples to the largest extent. This implies an increased rate of crystallisation
with this method, compared to metal-ball seeding. This is attributed to the similarity in the
compositions of oven-dried dish liquid seeds and the target crystals. Furthermore, the rough

surface of the oven-dried dish liquid seed can act as a base for heterogenous nucleation.
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Figure 7.5. Histogram plots showing the transmission measured for Samples 1-10 (each

performed in quadruplicate) after 7 days at 0 °C.

A further comparison between these two methods is displayed in Figure 7.6, in which the
transmission is plotted at regular intervals over a 48-hour timescale. When seeded with metal
balls, the transmission of the unstable samples (Samples 3, 7 and 9) does not drop significantly.
However, upon the addition of an oven-dried dish liquid seed, the transmission of the unstable
samples reduces after 48 hours. Crystals were found to only form over this timescale in the

presence of an oven-dried dish liquid seed.
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Figure 7.6. The effect of (a) oven-dried dish liquid seeding and (b) metal ball seeding on the
light transmission measured at set intervals across Samples 1-10 when held at 0 °C for a total

period of 48 hours. Each sample was performed in quadruplicate.

7.4.1.3 Method viability

The addition of an oven-dried dish liquid seed to a formulation at 0 °C was found to seed the
crystallisation and be specific to unstable formulations. Oven-dried dish liquid seeds induced
crystallisation within a shorter timescale compared to seeding with a metal ball. Increasing the
number of seeds will promote surfactant crystallisation in multiple areas of the bulk and further
increase the rate of crystallisation. The seed must also be above a defined critical size to promote
crystallisation. Furthermore, a previous study used computer simulations to show that
increasing the size of a spherical seed, beyond the critical size, impacts the energy barrier to
nucleation (Cacciuto et al., 2004). Larger seeds were found to lower the energy barrier to the

greatest extent.

Production of the seeds and adding them to the respective formulations required considerable
time and labour. The use of oven-dried dish liquid seeding is unlikely to be used to improve the

testing timescales in industry so was not investigated further. As well as being a laborious
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process, addition of an object can alter the properties of the system and result in the solution
failing to be a true representation of the bulk. Although the oven-dried dish liquid seed may not
be strictly considered as a ‘foreign object’, since it is produced from the bulk, it will increase
the total surfactant concentration in the sample. In most of the samples shown in Figure 7.5 the
seed appears to have at least partially dissolved. To minimise any changes to the formulation,

the next method of screening focused on a technique not requiring the addition of a seed.

7.4.2 Sonication

The use of sonication was investigated as an alternate route to promote crystallisation in dish
liquid products. In previous studies sonication has been used to control crystal growth and
reduce the nucleation time of various systems (Lee et al., 2014; Sander et al., 2014; Dincer et
al., 2014). In the presence of sonication, a process known as cavitation occurs in the system
that involves the formation of bubbles that collapse and form additional nucleation sites (Wu et

al., 2013).

Figure 7.7 shows optical images of unstable dish liquid samples contained in microplates for 6
days at 0 °C, in the absence and presence of sonication. The presence of crystals reduces light
transmission. As can be seen from Figure 7.7, the average light transmission after 6 days for
each sample set is lower when sonicated, compared to the control. This implies that there is an

increased probability of crystallisation when samples are subjected to initial sonication.
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() (b)
Sample number Sample number
3 3 9 32 3 3 9 32

Figure 7.7. Microplate optical images for the (a) control and (b) sonicated samples at the initial
time point (top) and after 6 days (bottom) at 0 °C for 3 samples that are prone to failure, namely
Samples 3, 9 and 32 (columns), each performed 4 times (rows). A second set of Sample 3 was

also performed.

The related plots that illustrate the changes in transmission across the 6 days are shown in in
Figures 7.8(a), (b) and (c). When samples are exposed to sonication, the intensity reduces at a

faster rate indicating an increased rate of crystallisation.
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Figure 7.8. Change in the intensity of the detected light transmission for (a) Sample 3, (b)
Sample 9 and (c) Sample 32 in the presence (red boxes) and absence (blue crosses) of

sonication across a 6-day timescale at 0 °C.

These initial results appeared promising with sonication appearing to reduce the time to failure
by at least a day. When repeating this experiment across all 32 samples, the times to failure
exhibited a longer timescale and were also less reproducible. Contrary to the initial results, the

time to crystal formation did not decrease significantly compared to control samples.

The possible reasoning for the lack of reproducibility was attributed to:

1. Contamination of the sample by the surrounding water if a seal was not completely airtight.
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2. Variability of the position of the microplate within the sonication bath.

The use of a sonicating probe has potential to mitigate these problems and may form part of
future work arising from this research project. With a probe there is the option to control power,

positioning and, additionally, no water bath is required.

7.4.3 Mixing

A third route involving the application of mixing was considered. Chapter 8 details the

reduction in time to crystallisation by this method.

7.5 Conclusions

A method that involved the addition of oven-dried dish liquids seeds of the respective
formulations proved successful at instigating crystallisation. Across many formulations, the
time to failure was reduced significantly compared to control samples, with the seeds providing
a base for nucleation. Furthermore, the method was found to be specific for unstable
formulations where it is thermodynamically favourable to form crystals. Despite reducing the
timescale and variability of failure times, the method presented disadvantages. Producing the
seeds was found to be time consuming and the seed size proved difficult to control accurately.
Secondly, the bulk liquid in the test needed to be representative of the formulation found in a
consumer bottle but, on addition of a seed, this may no longer be the case as the total surfactant

concentration increases.

The potential of sonication to promote crystallisation was also investigated, since it does not
require the addition of a seed. After initially testing the method across three unstable
formulations, it appeared to be a viable option. However, upon further testing, the

reproducibility was poor, possibly due to factors surrounding the water bath setup.
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With limited access to other sonicating sources, the application of mixing was considered as an
alternative route. This method proved more successful than seeding and sonication and is

outlined in Chapter 8.
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8.1 Abstract

Detergent formulations are used on a global scale and, therefore, are exposed to a wide range
of temperatures and shear rates during distribution. At low and sub-zero temperatures,
crystallisation may occur in the product. Manufacturers utilise a variety of methods to detect
these crystal failures, typically involving the storage of formulations between —3 °C and 10 °C
for up to 28 days. This paper describes the application of agitation as a route to reduce the
timescale of the stability tests, increasing productivity. Furthermore, agitation simulates
vibrations that the formulations experience during distribution. In the absence of mixing,
crystallisation was found to originate from the air-liquid interface, whereas, in the presence of
mixing, the crystallisation began around the mixing blade. The times to failure as detected by
the current and proposed methods correlated with each other, indicating the potential for this

novel approach to be used in stability testing.

8.2 Introduction

The soap and detergent industry manufactures a wide range of products, such as shampoos,
fabric conditioners and dish liquids, with an estimated net-worth of $97.26 billion in 2016
(GrandViewResearch, 2018). Surfactants are the main components in these products, typically
present at concentrations between 15 % and 40 % (Lai, 1996). The detergent industry is a major
user of anionic surfactants (Scheibel, 2004). Sodium dodecyl sulfate (SDS) and N,N-
dimethyldodecylamine N-oxide (DDAO) are examples of an anionic surfactant and amphoteric
surfactant, respectively, present in detergent formulations. Under the alkaline conditions of dish

liquid, amine oxides exhibits non-ionic behaviour (Singh et al., 2006).

Since cleaning products are used worldwide, they must demonstrate chemical and physical

stability across a wide range of environments. At high temperatures there is a risk of
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discolouration, due to an increase in the reactivity and degradation of dyes in the formulation
(Bechtold and Mussak, 2009), and at low and sub-zero temperatures surfactant crystallisation

may occur, both of which are detrimental for physical stability.

Despite the industrial significance of surfactant crystallisation with respect to detergent
products, there are limited studies into the crystallisation of mixed surfactant systems
(Soontravanich and Scamehorn, 2009; Stellner and Scamehorn, 1986; Fan et al., 1988; Shiau
et al., 1994; Soontravanich et al., 2009; Summerton et al., 2018). The tendency of an anionic
surfactant system to crystallise is reduced on addition of a non-ionic surfactant, as has been
reported for SDS + nonphenol polyethoxylate (Soontravanich and Scamehorn, 2009; Shiau et
al., 1994) and SDS + DDAO mixtures, performed as part of this thesis (Chapters 3-5)
(Summerton et al., 2018). In the presence of a non-ionic surfactant, micelle formation becomes
increasingly favoured reducing the concentration of anionic surfactant monomers, from which

crystals form.

In addition to the types of surfactants present in the mixture, it is also expected that physical
factors such as agitation, presence of dust particles, temperature and air-liquid interfacial area
also influence the mechanism of crystallisation in detergent products and associated stability
tests. In this paper, the effect of agitation on the failure mechanism is discussed and compared
to the behaviour observed in the absence of any agitation. The mechanism of crystallisation
within detergents, both in the absence and presence of agitation, is yet to be addressed in the

literature.

Understanding the effect of agitation on detergent crystallisation will provide insight into
product stability during the supply chain. Formulations are exposed to high levels of agitation
during road transport and the unloading and loading of goods, but less vibration when travelling

via ferry or plane (Saunders, 1998). Depending on the condition of the road surface, the
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background vibration during vehicle transportation has accelerations between 0.5 and 1 g,
where g is the gravitational constant. In contrast, loading products into aircraft can result in
shocks up to 10 times greater. When products are transported worldwide, they are also subjected
to a selection of temperatures, typically ranging between —3 °C and 50 °C. The temperatures
are prone to change, where a rate of 0.1 °C/min is typical of environmental fluctuations (Miller
et al., 2017). When products are transferred between different environments, such as from
inside to outside storage, the rate of thermal change ranges from 0.5 to 50 °C/min (Miller et al.,
2017). In warehouses or production plants such changes are unavoidable. Products are typically
held in warehouses for limited periods, between 2 and 4 hours, before onward transportation
(Seiler, 2011). Following transportation, home and personal care products must remain stable

for a 2 year shelf life period (Chantraine et al., 2006).

To ensure product stability through the preparation, packaging, transportation and subsequent
shelf life, manufacturers have methods in place. Typically, formulations are stored in
temperature chambers (50 °C to —3 °C) and their chemical properties, including viscosity,
appearance and odour, are monitored at regular intervals (Falbe, 2012). In addition, the effect
of continuous heating and cooling on sample stability must also be tested, to account for
temperature fluctuations experienced during the supply chain. This type of test is also important
in other industries. For example, in the food sector, freezing is often used by consumers for
preservation purposes (Degner et al., 2014). When defrosting the product, it must retain all
chemical and physical attributes. The current tests for detergent products solely monitor the
stability of quiescent formulations, which is not necessarily representative of the supply chain
where background vibrations exist. Therefore, there is a requirement for a method which

incorporates agitation and more closely simulates the distribution process.
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The application of agitation may also improve the efficiency of the stability test methods at low
temperatures. The timescales of stability tests can be long, requiring up to 28 days of storage at
a variety of temperatures. With the present method, the time to crystallisation also varies
between samples of the same formulation. This is attributed to factors that are difficult to control
such as the existence of dust particles, temperature fluctuations or pressure differences. Dust or
other foreign objects can provide nucleation sites for crystallisation (Hartel and Shastry, 1991;
Hartel et al., 2011). As a result, it is necessary to identify an alternative test method capable of
determining whether a formulation remains physically stable within a shorter timescale and

with reduced variability, resulting in an increase in productivity.

Using agitation to reduce the timescale of crystallisation in detergent products is an area of
scientific research that has not previously been reported in the literature. However, agitation is
known to influence the time to crystal formation in other systems through both secondary and
primary nucleation effects (McLeod et al., 2016). A study into the kinetics of alpha-lactose
monohydrate crystallisation revealed an increase in the rate of primary nucleation upon
agitation (McLeod et al., 2016). From classical nucleation theory, the primary nucleation rate

J is a sum of the heterogenous and homogenous nucleation contributions:

Jtotal = Jhom + Jhet (81)

Each J component can be provided by equation 8.2:

AG

J = Ae *T (8.2)

where A is the pre-exponential factor, AG is the energy of nucleation, k is the Boltzmann
constant and T is the temperature (Mullin, 1997). Upon mixing (agitation), the increase in J is
attributed to an increase in the pre-exponential factor A of both the heterogenous and
homogeneous components. The energy barrier for heterogenous nucleation also decreases with

mixing. This parameter also depends on the degree of supercooling. The increase in A is due to

213



Chapter 8 Understanding the crystallisation process in detergent formulations in the absence and
presence of agitation

increased Brownian motion of the molecules resulting in a higher probability of forming
crystals (Mazzanti et al., 2007; Rathee et al., 2013). This has also been demonstrated for silica
particle systems, in which only a small amount of shear was applied (Wu et al., 2009). The
rough surface of the stirrer provides additional nucleation sites for crystallisation, reducing the

barrier to heterogenous nucleation (Maksimov et al., 2013; McLeod et al., 2016).

In addition to primary nucleation, the application of mixing also influences secondary
nucleation. In a study focused on the crystallisation of glutamic acid (Liang et al., 2004), it was
found that mixing increased the rate of secondary nucleation in the bulk. The high shear at the
stirrer blade diminishes the boundary layer surrounding the crystals and mixing blade thus
promoting further crystal growth. Furthermore, crystals are broken apart by the mixer to yield

additional nuclei sites throughout the system (Callahan and Ni, 2014).

This chapter explores the potential of mixing to reduce the time to crystallisation across a range
of dish liquid products, with varying degrees of stability. Discussion and insight into the
mechanism of the failure, both in the presence and absence of mixing, is also discussed. With
this knowledge, it will enable industry to develop more robust formulations, improved
packaging and more efficient stability tests. In particular, an insight into the origins of

crystallisation is crucial for improving product stability.

8.3 Materials and methods

8.3.1 Materials

8.3.1.1 Model SDS + DDAO studies

Binary surfactant solutions were prepared with 20 wt. % SDS and 3 wt. % DDAO in distilled
water and used for conductivity measurements. SDS (Fisher Scientific, 97.5 %) and DDAO
(Sigma Aldrich, 30 wt. % in water) were used without further purification. The solutions were
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made up 24 hours in advance to minimise hydrolysis. The solution was mixed for 15 minutes

at 25 °C and then left for 12 hours to release any entrapped air.
8.3.1.2 Commercially relevant dish liquid formulations

When crystals appear in complex commercial products, the resulting appearance is
unacceptable for consumers. By understanding the mechanism of the crystallisation process, it
is expected that product stability at low temperatures, between 10 °C and -3 °C, and the
efficiency of the stability tests can be improved. Therefore, to ensure the industrial relevance
of this work, commercially relevant dish liquid products were used throughout the study. A
typical dish liquid formulation consists of anionic surfactants (linear, branched and ethoxylated
alkyl sulfates), amphoteric surfactants (linear amine oxides), water, preservatives, dyes,
perfume, sodium chloride (NaCl), polypropylene glycol and ethanol. Remnant alcohol
precursor of the alkylsulfate component may also be present. Completeness is related to the

amount of alcohol remaining in the system (equation 8.3):

MW

(Act )
Completeness (%) = MW x 100 % (8.3)

(Act %Zi) + UnR

where Act is the active level (wt. %), MW, and MWsas are the molecular weights of the alcohol

and alkyl sulfate respectively and UnR is the amount of alcohol in wt. %.

8.3.1.2.1 Formulations A and B

Mechanistic studies, in the absence and presence of mixing, were performed using a dish liquid
product, Formulation A, specifically formulated to be unstable at low temperatures. Prior
stability tests revealed that Formulation A develops crystallites at 0 °C within 28 days.
Conversely, Formulation B was formulated to be stable under the same conditions. In

Formulation A, the degree of ethoxylation m of the alkyl sulfate component
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CxHy(OCH2CH2)mOSO3 ~ Na* averaged at 0.5 moles and the wt. % ratio of alkyl sulfates to
amine oxides was 4.4:1. The degree of ethoxylation m of the alkyl sulfate component
CxHy(OCH2CH2)mOSO3 ~ Na* in Formulation B averaged at 0.6 moles and the wt. % ratio of
alkyl sulfates to amine oxides was set as 3:1. Commercial grade sunflower oil was also used to
explore the role of the air-liquid interface in the crystallisation process. Furthermore, the effect

of mixing speed on the crystallisation process was investigated using Formulation A.

8.3.1.2.2 Formulations X1-X6

Whilst Formulations A and B were tailored to be stable and unstable at low temperatures,
respectively, Formulation X1-X6 spanned a range of product stabilities as determined from
standard stability tests at 0 °C. These were used to compare the times to crystallisation in the
absence and presence of mixing for a selection of formulations to determine a correlation

between the current and proposed methods.

The six formulations varied in the molar amounts of the linear (LA) and branched (BrA) alcohol
contributions and linear (LAE) and branched ethoxylated (BrAE) alcohol contributions. The
blends were subsequently sulfated and the other ingredients added, while maintaining the same
alkyl sulfate to amine oxide ratio (3.0:1), the same total surfactant concentration (35.8 wt. %)

and a comparable completeness level between the two products.

8.3.2 Methods

8.3.2.1 Conductivity

30 g of the surfactant solution was placed in a 50 mL glass beaker and inserted into a jacketed
vessel. The temperature of the 50:50 (by vol. %) water:ethylene glycol mixture contained in the
jacket was controlled by a Grant LTD 6G cooling bath. Upon cooling from 25 °C to 0 °C, the

conductivity of the 20 wt. % SDS + 3 wt. % DDAO solution was measured every 30 seconds
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via an Orion star A212 conductivity meter. A mini-stirrer was used to induce mixing in the
system for the duration of the experiment. The conductivity probe and the stirrer were equally
spaced across the diameter of the beaker. The distance between the stirrer and the probe was
equal to the distance from each to the wall of the container. The stirrer and the probe were at
the same vertical position in the solution, halfway between the bottom of the container and the
solution surface. The stirrer paddle was supplied as an attachment to the Orion star A212
conductivity meter (Fisher Scientific), consisting of a double blade propeller, as presented in

Figure 8.1 (a). A schematic of the overall setup is provided in Figure 8.1 (b).

(a)
15 mm
125 mm
(b)
Ethylene glycol in -
From cooling bath
5 mm 85 mm
Ethylene glycol out
_ Surfactant solution To cooling bath
7_‘ 10 mm

Figure 8.1. (a) Stirrer probe dimensions (b) Schematic diagram of the setup for conductivity

measurements.

The rate of cooling was approximately 0.5 °C/min. Each measurement was performed in

triplicate at the five different speeds (indicated in Table 8.1) and in the absence of any stirring.
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Table 8.1. Speed levels and corresponding rpm values.

Stirrer speed setting Speed of rotation / rpm
1 914
2 1385
3 1842
4 2310
5 3333

8.3.2.2 Time lapse photography

8.3.2.2.1 Cooling chamber experiments

Crystallisation of the dish liquid formulations was visually recorded using a Canon EOS 5D
Mark I1. 80 g of each formulation was added into a 100 mL test bottle composed of polyethylene
terephthalate (PET). Samples were placed in a Memmert ICP 450 chamber, set to 0 °C. Images
were automatically captured every 10 seconds for a period of 7 days for each formulation. A
backlight panel was used to minimise any light reflections from the surroundings. For each test,
three replicate measurements were performed. Image analysis was performed using a

processing software developed by P&G.

This software functions by converting a selected area of each image set to greyscale and
assigning each individual pixel a value from 0 to 255, depending on the greyscale intensity. For
each test, the maximum area of the bulk absent from light reflections was used in the analysis.
Each image can be envisaged as a 2D-matrix filled with pixel values between 0 and 255. A
greyscale co-occurrence matrix (GCOM) was produced for the positional relation x =0,y =1,
where each pixel was compared to the one vertically above (Sebastian et al., 2012). The matrix
depends on how many times a certain difference in greyscale occurs between pixels with this
chosen spatial relationship. The matrix was subsequently normalised and the homogeneity, a

statistical property of the matrix (Rao et al., 2013), was calculated (equation 8.4).
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Homogeneity = Y; ; lf-(|lli)j| (8.4)

where i and j refer to the greyscale intensity of the i and j™ pixels; p(i,j) is the cooccurrence
probability of pixels i and j. The area of analysis was selected such that it incorporated most of
the bulk within the bottle. Graphical plots showing the change in homogeneity across the
different formulations were produced in OriginPro (v.9.0). From these plots, the time to failure
for each quiescent formulation was estimated as the point at which the gradient changes

indicating a decrease in homogeneity within the system.

In addition, 60 mm diameter and 100 mm diameter petri dishes containing 20 mL of
Formulation A were placed in the chamber. 2D images of the petri dishes were captured at 24
hour and 48 hour time points using a Canon 100D positioned vertically above the sample.
Thresholding in ImageJ was used to determine the area of the formulation which contained

crystals.

A magnetic stirrer plate was also inserted in the chamber. To investigate the effect of mixing,
a magnetic flea of 35 mm length and 6 mm diameter was added to a formulation contained in a
100 mL PET bottle and placed on the plate, with the flea rotating at approximately 10 rpm.
However, the effect of mixing was investigated in detail with the jacketed vessel setup outlined

below.
8.3.2.2.2 Jacketed vessel experiments

The vacuum jacketed glass vessel depicted in Figure 8.2 was used to observe the effect of
mixing on dish liquid crystallisation at low temperatures. 400 mL of Formulation A was initially
poured into the hemispherical vessel with an internal diameter of 75 mm. A Grant LTC4 cooling
bath, filled with 50 % ethylene glycol and 50 % water by volume, was connected to the jacketed

chamber. The bath was set to 0 °C and the vessel left to cool for 2.5 hours. This was the time
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required for the centre of the vessel to reach 0 °C (see Appendix E). A temperature of 0 °C was
selected for these investigations since the majority of low temperature stability tests within

P&G are performed at this condition.

A Hei-TORQUE Precision 100 overhead stirrer was set to the chosen speed. A PTFE turbine
stirrer blade was used with an 8 mm shaft diameter and a 400 mm shaft length. The impellor
measured 40 mm in diameter and 15 mm in height. The blades were positioned at a 45 ° rotor
angle with the length of each blade measuring 21 mm. The stirrer was positioned approximately
30 mm above the base of the vessel. Images were captured every 10 seconds for a total period
of 60 minutes, or until crystallisation was complete, using a Cannon 100D mounted on a Velbon
EF-61tripod. A backlight panel was used to attain optimal images. Stirrer speeds of 20 rpm, 50

rpm, 150 rpm and 300 rpm were investigated, with three repeats performed at each speed.

The resulting time lapse images were analysed in MATLAB 2016b. Images were converted to
8-bit greyscale images with each pixel assigned a number from 0 to 255, corresponding to the
intensity. Values of 255 and O relate to white and black pixels, respectively, with numbers
between relating to differing amounts of greyscale. The change in average greyscale intensity
for the pixels in each boxed area, A-D (Figure 8.2(b)), was determined. Using SigmaPlot, the
results were plotted as percentages of greyscale intensity over time, with a value of 255
corresponding to 100 %. The time relating to a reduction in greyscale intensity is related to the

onset of crystallisation.

This method was also used with Formulations X1-X6 to investigate the effect of mixing over a

wider range of formulations. A stirrer speed of 20 rpm was used for these tests.
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(a) (b)

3cm

Figure 8.2. (a) Schematic diagram of vacuum jacketed vessel setup. Adapted from a figure
supplied by Asynt Ltd. (b) Photograph of the vessel setup indicating the areas used in greyscale

intensity analysis.
8.3.2.3 Transmissivity

The time to crystallisation in Formulation A was also detected using a Crystalline unit
(Technobis, Netherlands), which was able to simultaneously record the temperature and
turbidity of multiple samples. Crystal formation was detected by an increase in turbidity in the
solution and a corresponding reduction in transmissivity. The instrument was connected to a
Lauda Proline RP 845 cooling bath to attain the necessary low temperatures. For each
measurement, 4 mL of Formulation A was pipetted into a vial and placed into the furnace of
the instrument. To apply mixing, a mini overhead stirrer replaced the vial cap and the speed
was set to 1000 rpm. The samples were exposed to temperature cycles from 20 °C to 0 °C at a
maximum cooling rate of 15 °C/min and with a hold time of 1.5 hours at 0 °C and 30 minutes
at 20 °C. Each experiment consisted of 13 consecutive temperature cycles, with every test
performed in duplicate. The temperature and transmittivity were reported for the duration of
each experiment. In comparison to experiments performed in test bottles or the jacketed vessel,

this used smaller sample volumes.
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8.4 Results and discussion

8.4.1 Mechanism without agitation

Time lapse images of Formulation A at 0 °C show crystal formation occurs at the air-liquid
interface (Figure 8.3). In the absence of any physical forces or seeding, crystallisation is
commonly observed to commence from the surface. The crystals subsequently sink to the

bottom of the product over a time due to the higher density of crystals, with respect to the bulk.

Oh 31 h 43h 62 h

_— . ) -

Crystal surface formatlon

R

Figure 8.3. Time lapse images acquired during the crystallisation of Formulation A at 0 °C.

Crystallite sinking

N

2
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accumulating
at base

This observation can be explained by the segregation of surfactants at the air-liquid interface
(Goodwin, 2004). Figure 8.4 shows a simplified schematic diagram of the different surfactant
environments, before and after crystallisation. Surfactant molecules in the monolayer exist in a
close packed arrangement and, therefore, bear a close structural resemblance to the crystals
(Scamehorn, 1986). The crystals are known to be alkyl sulfate hydrates, consisting of layers of
alkyl sulfates separated by water layers (Summerton et al., 2018). As result of this similarity,
crystal formation from the interface is proposed to be the lowest energy pathway (Chen et al.,

2015). In addition, solvent evaporation may result in high local supersaturation at the surface,
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compared to bulk, promoting crystallisation from this region (Hurle and Jakeman, 2014).
However, at 0 °C, it is unlikely there will be significant evaporation from the formulation. The
rate of evaporation depends on the air-liquid interfacial area and the vapour pressure of the

formulation.

There is also evidence that the surfactants are organised in a bilayer just below the interface,
rather than a monolayer at the surface (Shibata et al., 2015; Moroi et al., 2004). If this is the

case, it is expected that crystallisation would originate from the close-packed bilayer.

 ® }.. \ﬂo%ﬁ<
B o B
/%%ﬁa N

- _ o
»

Crystals sink to the base

Figure 8.4. Simplified schematic diagram illustrating the different surfactant environments

residing in a dish liquid sample at 25 °C and 0 °C.

A further test was performed in which an oil layer was added to Formulation A at 0 °C. On
addition of the oil, no crystals were observed in Formulation A after 7 days at 0 °C (Figure 8.5).
The presence of an oil layer on the surface was hypothesised to supress crystallisation at the
interface. The hydrophobic oil stabilises the surfactant hydrocarbon chains of the monolayer
effectively ‘freezing’ the interface and reducing the drive for crystallisation. Itis likely that the
presence of the oil layer also reduces the degree of evaporation from the surface, minimising
local supersaturation at the interface. Since supersaturation dictates whether a sample will

crystallise, this effect may also contribute to a reduced tendency for crystallisation. In the

223



Chapter 8 Understanding the crystallisation process in detergent formulations in the absence and
presence of agitation

absence of an oil layer crystalline entities were observed after 2 days, as shown in Figure 8.5.
Crystals sink to the bottom of the formulation, as indicated by the areas labelled 1, 2 and 3.
These findings corroborate the proposed mechanism, where crystal formation occurs from the

close-packed surfactant monolayer.

(a)

d 1 2 3d 4d 5d 6d 7d

(b)
Oil layer — , _ :

Figure 8.5. Time lapse images of an unstable dish liquid formulation held isothermally at 0 °C

over 7 days (@) in the absence and (b) in the presence of a layer of sunflower oil.

Having established the importance of the air-liquid interface on crystallisation, the effect of the
surface area of this interface was explored. Petri dishes of two different diameters were filled
with the same volume of Formulation A and stored at 0 °C. After 24 hours, there was only a
minor difference in the measured crystalline area (Figure 8.6). However, after 48 hours, the
area containing crystals was larger for the 100 mm diameter dish. This is a result of this dish

having a greater air-liquid interface, from which the crystals can begin to grow.
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Figure 8.6. Relation of petri dish diameter to the crystallisation area, measured after 24 and

48 hours at 0 °C.

8.4.2 Effect of agitation

8.4.2.1 Application to the model SDS + DDAO system

The effect of mixing on the crystallisation Kinetics was investigated, using conductivity
measurements, on a model SDS + DDAO system. When the SDS + DDAO system crystallised,
there was significant decrease in conductivity of the solution. The counterions in the solution
bind to the crystal phase and become less available to transport charge (Sasaki, 2007). A typical
conductivity profile is provided in Figure 8.7(a) which shows that crystallisation has occurred
by the time the conductivity of the SDS + DDAO solution reaches 8 mS/cm. The time for
crystallisation is indicated by the time for the conductivity to reach 8 mS/cm and is plotted
across the different stirrer speeds in Figure 8.7(b). The average time for the quiescent sample
to reach this value is 41 minutes longer than the time measured when stirring the solution at

maximum speed. These results imply that mixing promotes the onset of SDS crystallisation.
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Figure 8.7. (a) Typical conductivity plot attained upon cooling a 20 wt. % SDS + 3 wt.% DDAO
system at speed level 1 (949 rpm) (b) Plot of the time to crystallisation across the range of speed
levels where the time for crystallisation is taken as the time for the conductivity of the surfactant

solution to reduce to 8 mS cm™.

8.4.2.2 Application to dish liquid products

A representative time series of photos are shown in Figure 8.8 for Formulation A at 0 °C, in the
presence of mixing. Crystallisation was observed to begin around the stirrer bar rather than the
air-liquid interface, as was the case for quiescent samples. Formulation B did not develop
crystals even after mixing the formulation for 4 days at 0 °C. This was expected since
Formulation B did not fail current stability tests. The plot in Figure 8.9(a) shows the relative
times to crystallisation for Formulation A under the influence and absence of mixing,
determined by visual inspection. As expected from prior work on the SDS + DDAO model
system (Section 8.4.2.1), the time to crystallisation reduces when the solution is stirred.
Furthermore, the box plot in Figure 8.9(b) shows that the variability of failure times also reduces

when mixed.
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2

Figure 8.8. Time lapse images of the crystallisation of Formulation A in the presence of mixing.
The initial colour differences in the solution are due to unavoidable light reflections from the

surroundings. Circles 1, 2 and 3 indicate the growing crystalline area.

1 [ ]Mixing
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Figure 8.9. Box plot demonstrating the reduction in the timescale to crystallisation and

statistical variability upon mixing at 0 °C, across 8 replicates of Formulation A.

The effect of mixing on dish liquid crystallisation was observed through a change in light
transmission. In Figure 8.10 a snapshot is shown of the measured light transmission (blue line)
across the fluctuating temperature cycles for the Formulation A, both in the absence and

presence of mixing. A reduction in the transmissivity was only observed for the mixed sample.
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Figure 8.10. Snapshot of the light transmission measurements acquired for Formulation A

across the displayed temperature cycle (a) in the absence of mixing and (b) in the presence of

mixing.

Mixing not only reduces the time to crystallisation, and the associated variability, but appears
to also affect the mechanism of crystal formation. When Formulation A was mixed at 0 °C,
crystallisation originated from the stirrer blade (Figure 8.8) but, in the absence of mixing,
crystals were initially observed at the air-liquid interface (Section 8.4.1). The reasons for this
change in mechanism, and reduced timescale, are believed to be explained by secondary and

primary nucleation effects (Callahan and Ni, 2014; McLeod et al., 2016).

Secondary nucleation occurs when existing crystals are used to create further nucleation sites
through the system. Possible mechanisms for secondary nucleation, when in the presence of
mixing, include crystal breakage and dispersion, crystal-crystal and crystal-stirrer collisions or

the replacement of crystal boundary layers with further solute molecules. The rate of secondary

nucleation Bo can be expressed by equation 8.5:

228



Chapter 8 Understanding the crystallisation process in detergent formulations in the absence and
presence of agitation

where K is a constant, S is supersaturation, M+ is crystal density and W is the agitation rate. Fluid
movement is greatest for areas of the bulk closest to the mixing blade (Myerson, 2002; Paul et
al., 2004). Hence, the rate of secondary nucleation is also higher in these areas, which may

explain why crystallisation is observed close to the stirrer.

The rate of primary nucleation is also affected by the presence of mixing (McLeod et al., 2016;
Liu et al., 2015). The increased movement of the bulk, especially near the mixing blade, results
in a higher collision frequency between the monomers and hence an increased probability of
crystal nuclei formation (Liu and Rasmuson, 2013). This effect is more pronounced at the
mixing blade, where the velocity of the fluid is highest. The rough stirrer surface provides
additional nucleation sites for crystallisation. The energy barrier to heterogeneous nucleation

reduces and crystallisation originates at the stirrer blade (Liang et al., 2004).

8.4.3 Effect of mixing speed

Images were acquired during the crystallisation of Formulation A at 0 °C at various mixing
speeds. Typical images are provided in Figure 8.11, at a speed of 20 rpm. These images provide
further evidence for crystal formation starting around the stirrer, rather than the air-liquid

interface. Images for 50 rpm, 150 rpm and 300 rpm can be found in Appendix E, Figure E.3.

Figure 8.11. Time series of images, acquired at 10 minute intervals, during the crystallisation

of Formulation A at a stirrer speed of 20 rpm, with the solution held at 0 °C.
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Plots of the average greyscale intensity over time for the areas contained within boxes A-D
(Figure 8.2(b)) are provided in Figure 8.12 across the different mixing speeds. Crystallisation
is detected by a reduction in the greyscale intensity. Following an initial plateau, which
corresponds to the induction time of the phase transition, crystallisation is observed by a
reduction in the greyscale intensity, typically following a sigmoidal curve. On completion of

crystallisation, a plateau at a lower greyscale intensity is visible in the plots.
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Figure 8.12. Time resolved plot of greyscale intensity for the 4 boxed areas (A-D) when mixed

at (a) 20 rpm (b) 50 rpm (c) 150 rpm (d) 300 rpm. The black line for each profile corresponding

to the fit of a 4 parameter sigmoidal curve to the data.

At the lower mixing speeds, there are notable differences between the profiles for regions A,

B, C and D. The region closest to the mixing blade (A) is the first to exhibit a reduction in
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greyscale intensity, as crystallisation starts around the stirrer. However, no differences are
observed at the higher rpm, 300 rpm, when crystal growth propagates quickly through the

system.

The plots are fitted to a 4-parameter sigmoidal curve:

a

f=yo+ W (8.6)

1+e b

where Xo is the midpoint, yo is the minimum value, a is the maximum value and % relates to the

slope of the curve which indicates the rate of crystallisation. In all cases, there is an acceptable
fit with R? values greater than 0.98. The full fitting parameters, including the corresponding R?

values, are provided in Appendix E.

The change in % and Xo across the regions A-D for the different mixing speeds are plotted in

Figure 8.13, along with the change in induction time. The induction time is a sum of the
relaxation time, collision time and time for the crystal to grow into a visible failure (Mullin,
1997). The induction times for the different speeds and areas were estimated, across all
replicates, by determining the crossover points between linear trendlines fitted to the induction

period and those fitted to the slope of crystallisation.
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Figure 8.13. Variation of (a) % (steepness), (b) xo (midpoint) and (c) induction time across the

different mixing speeds and boxed areas (A-D).

The slope, related to the rate of crystallisation, does not vary significantly with mixing speed,
with the exception of the area closest to the mixing blade (area A). Conversely, the induction
time and midpoint, Xo, are influenced by mixing speed with both displaying a similar trend.
Both parameters decrease as the mixing speed is increased. This can be attributed to a higher
monomer collision frequency at higher mixing speeds. Since crystals are formed from the
surfactant monomers (Stellner and Scamehorn, 1986), an increased number of collisions results
in a higher probability of nucleation. The time to crystallisation, and the midpoint, decrease as

a result.
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8.4.4 Comparison with the current test method

In the presence of mixing, the time to crystallisation for Formulations X1-X6 was estimated
from the greyscale plots, as previously described for Formulation A. In the absence of mixing,
time to crystallisation was estimated from plots of homogeneity over time, following the
method described in Section 8.3.2.2.1. An example plot, for X6, is provided in Figure 8.14.
After an average induction time of 0.63 days it is possible to observe a decrease in homogeneity,

which relates to the onset of crystallisation.
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Figure 8.14. Change in homogeneity for the three X6 samples across a 7-day period at 0 °C.

For a selection of formulations, X2 — X6, the time to failure, in the absence and in the presence
of mixing at 20 rpm, have been plotted against each other and shown in Figure 8.15. Using the
current test method, X1 did not fail within the 7 day experimental run time, so this sample was

omitted from the analysis.

Despite the high degree of variability with the current test method, the two methods were found
to be positively correlated, as shown in in Figure 8.15. Despite the two methods appearing to

exhibit different mechanisms, the same failure trend can be observed, which leaves scope for
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further investigation. If the new proposed method is to be implemented, this correlation is

important for determining new specification limits.
5_

4 4

Time to crystallisation
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in the absence of mixing / days
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Time to crystallisation (by
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of mixing at 20 rpm / min

Figure 8.15. Correlation of failure times between the current and proposed low temperature
stability test methods across a range of dish liquid formulations. Error bars refer to the

standard errors calculated from triplicate measurements.

8.5 Conclusions

Agitation is known to initiate crystallisation in some systems, particularly in the consumer
product and food sectors. In this study it has been shown, for the first time, that mixing can
reduce the time to dish liquid crystallisation, due to primary and secondary nucleation effects.
This insight is not only important for developing accelerated stability tests, but also when
exploring the effect of transportation on stability. Detergent formulations are likely to

experience movement and vibration during the supply chain.

In the absence of any mixing, crystallisation was found to originate from the air-liquid interface

due to the close-packed nature of the monolayer. In the presence of mixing, the crystal growth
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began from the mixing blade, the point of highest shear. An increase in mixing speed resulted
in a decrease in both the induction time and the time to the midpoint of the crystallisation
process. A higher mixing speed also resulted in faster dispersion of crystalline entities through
the bulk. This was attributed to an increase in the degree of crystal breakage, dispersion and

boundary layer removal.

In addition to reducing the timescale to crystallisation, the application of mixing also reduced
the variability of the failure times. This is because, in the presence of mixing, the crystal growth
was accelerated and spread in a cloud-like formation through the bulk whereas, in the absence
of mixing, it proved difficult to notice the individual crystal entities forming. Two techniques
were demonstrated as viable options to follow the crystallisation process whilst mixing. The
first involved using an experimental setup consisting of a transparent jacketed vessel and an
overhead stirrer. Time lapse photography, in combination with greyscale analysis, was used to
determine the point of crystallisation. Alternatively, crystallisation was detected through a
reduction in light transmission passing through the sample. The sample vial cap was replaced

with a mini-overhead stirrer to induce mixing in the sample.

Extending the investigation to other formulations revealed that the time to crystallisation under
the current and the proposed test methods were found to be positively correlated, despite
proceeding via different mechanisms. These insights have a significant application to industry,
with the potential for the acquired knowledge to be implemented in the stability test methods at
P&G. By using agitation, the tests will have shorter timescales and be more representative of
the supply chain process. Further work within P&G will include applying this new method to a

larger number of formulations to further determine the suitability of this proposed route.
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9.1 Fundamental understanding of the failure process

This thesis has explored the crystallisation process that can occur in dish liquid formulations
upon exposure to low and sub-zero temperatures. Despite the occurrence of this phase transition
in commercial products, this area of scientific research has received relatively little interest.
Using a variety of techniques, a greater fundamental understanding of the failure process has
been acquired. The resultant findings are particularly relevant for P&G since it will help to
provide a pathway to more robust formulation designs. An understanding of the crystallisation
process, including the crystal structure and composition, will provide valuable insights during

the development of future dish liquid products.

A fundamental understanding of the phase transition was initially developed using a model
system comprising of sodium dodecyl sulfate (SDS), N,N-dimethyldodecylamine N-oxide
(DDAOQ) and water at concentrations typical of those in commercial products. These two
surfactants are present in dish liquid, with further variants arising from branching, changes in
chain length or the addition of ethoxy units. Differential scanning calorimetry (DSC) provided
a means to determine changes in crystallisation temperatures and enthalpy upon a change in
DDAO concentration. Nuclear magnetic resonance (NMR) and X-ray scattering techniques
revealed the composition and structure of the crystalline entities. Confocal Raman microscopy
and optical microscopy provided further insight into the crystal shape and location of the
surfactants. Using the knowledge gained from studies on the model systems, a stability study
was conducted across many dish liquid formulations to determine the effect of various
parameters on the development of crystalline failures. Light transmission and time lapse

photography were used to follow the phase transition in these systems.
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9.1.1 Model system studies

With regards to experiments performed on pure SDS and SDS + DDAO systems, the following

conclusions were reached:
1) The presence of 1-dodecanol promotes SDS crystallisation (Chapter 2)

20 wt. % SDS solutions were found to crystallise at a higher temperature when in the presence
of its alcohol precursor. This can be attributed to the ability of 1-dodecanol to seed SDS
crystallisation. 1-dodecanol crystallises and provides a base, with similar structural and

compositional attributes to the alkyl sulfate, from which the SDS crystals can then form.
2) The crystals are composed of SDS hydrates (Chapter 3)

From NMR and X-ray scattering studies it was possible to determine that the crystals formed
from SDS + DDAO systems comprise solely of SDS and water, termed SDS hydrates. The
surfactants reside in a lamellar-type structure due to the appearance of equally spaced peaks in

the corresponding wide-angle X-ray scattering (WAXS) profiles.

Although DDAO is not present in the crystals it was found, from NMR studies, that the DDAO
surfactant mobility is affected by the surrounding SDS crystallisation. This can be attributed to
the DDAO surfactant preferentially existing in the region of the crystal despite not being a
component of the crystal itself. Further evidence was provided by confocal Raman spectroscopy

where the DDAO contribution was matched to regions around the crystal.
3) The presence of DDAO reduces the tendency for crystallisation (Chapter 4)

DDAO was found to influence the crystallisation Kinetics of an SDS system. As the
concentration of DDAO increased, the system crystallised at a lower temperature when cooled

at a constant rate. Isothermal studies were performed at the Diamond Light Source, Oxfordshire,
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UK where the samples were held at 0 °C for prolonged periods and SAXS (small-angle X-ray
scattering) profile periodically attained. Plots of the first Bragg peak intensity over time were
attained for 20 wt. % SDS solutions with a range of DDAO concentrations (1 - 5 wt. %). The
time to peak formation and the rate of peak growth both positively correlated with DDAO
concentration. DDAO promotes the formation of mixed micelles within the system and,
therefore, increases the tendency to form micelles. This results in a lower concentration of SDS
monomers and, since SDS hydrates are formed from the monomer constituents, the

corresponding drive for crystallisation is also reduced.

4) The presence of DDAO also affects structural changes occurring during crystal

formation (Chapter 4)

Pure SDS and mixed SDS+ DDAO aqueous solutions displayed clear differences in their time-
resolved WAXS profiles, acquired when samples were held at 0 °C. Although they formed the
same hydrated crystal structure after a certain period of time, the SDS system was observed to
proceed via an additional hydrate intermediary, which was not evident in the mixed system.
When DDAO was present in the solution, the growth was more controlled and directly yielded
the final structure. This can be attributed to the slower crystallisation kinetics, a higher solution
viscosity and the DDAO residing in the region of the crystal and thus controlling the crystal

growth.

5) Crystallisation of SDS and SDS + DDAO systems are described by the Avrami and Ozawa

theories, under isothermal and non-isothermal conditions respectively (Chapter 5)

Upon crystallisation of a pure SDS system under isothermal conditions, with the holding
temperature increasing from 12 °C to 14 °C, the Avrami exponent increased from 3 to 4. This
indicates either a change in dimensionality, from 2D to 3D, or 3D growth with a change in
nucleation mode from sporadic to instantaneous. The former is most likely since plateles (2D)
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are known to exist at lower temperatures or higher cooling rates (Chapter 4). The SDS + DDAO
system gave an Avrami exponent of 3 at 0 °C. This indicates 3D growth, which corroborates
the findings from Chapter 4 where the crystals were observed to be ring-shaped by confocal
Raman microscopy. An Ozawa exponent of 3 was attained from non-isothermal studies into the
crystallisation of a pure SDS system, suggesting that 3D crystal growth occurs under these

conditions.

6) Increasing the cooling rate of SDS + DDAO system results in an increased degree of

polydispersity amongst the crystals (Chapter 5)

The oscillations in the slope of the SAXS profiles for the SDS + DDAO system depend on the
polydispersity of the crystals in the system. The oscillations were found to be more prominent
at lower cooling rates, indicating the crystals are increasingly monodispersed. This is attributed

to a slow cooling rate allowing for a more controlled and even growth.
9.1.2 Application to commercially relevant dish liquid products

The knowledge gained from model SDS and SDS + DDAO systems was used as a basis for
understanding the phase transition that can occur in commercial dish liquid products upon

exposure to low temperatures. The following conclusions can be drawn:
1) The crystals are composed of alkyl sulfate hydrates (Chapter 6)

In line with the model SDS + DDAO system studies, alkyl sulfates were also the main
component of the crystals formed from the surfactant paste which is used to produce dish liquid
products. The paste was dissolved in D.O and NMR spectra were acquired at set temperature
intervals as the system was cooled. The intensity of peaks corresponding to proton
environments in water, amine oxide and alkyl sulfate all decreased with temperature. Between

two temperatures intervals, there was a significant drop in the intensity of a peaks relating to
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the non-ethoxylated alkyl sulfate, which is indicative of this component undergoing a phase
transition. However, the peaks corresponding to ethoxylated alkyl sulfates did not display any
drop in NMR intensity, indicating that this surfactant is not present in the crystal nor does it

reside in the region of the crystal.

SAXS and WAXS studies performed on the crystals formed from an unstable dish liquid
formulation, after holding at 0 °C for 62 hours, indicated a lamellar-type crystal structure, as
was previously observed for crystals formed from the model SDS + DDAO system. Using the
Scherer equation, the crystal size was calculated to be 574 nm, although this is an approximation

because this equation is not usually applicable at these length scales.

2) A higher concentration of alkyl sulfate alcohol precursor increases the susceptibility of

the formulation to crystallisation (Chapter 6)

The time required for crystalline entities to develop was monitored across a wide number of
formulations using the microplate method, a light transmission technique developed by P&G.
As to be expected from the studies on the SDS system in the presence of 1-dodecanol, a low
completeness resulted in poorer performance during stability tests. The completeness level
corresponds to the amount of alkyl sulfate alcohol precursor remaining in the formulation after

sulfation.

3) An increase in the alkyl sulfate to amine oxide ratio results in poorer product stability at

low temperatures (Chapter 6)

The model system studies indicated that an increase in DDAO reduces the susceptibility of SDS
solutions to crystallisation. In agreement with these findings, the dish liquid formulations with

a higher alkyl sulfate to amine oxide ratio exhibited poorer stability when monitored at 0 °C

across a duration of 7 days.
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4) The alkylsulfate paste is key for determining the stability of the formulation (Chapter 6)

The stability of six formulations, varying by Low T number, was monitored for 7 days at 0 °C.

The Low T number depends on the alcohol blend, from which the alkyl sulfates are formed.

LAE

Low T # = [(LA

) (BrA + BraE)] (9.1)

where LAE = mol. % of linear alcohol ethoxylates, LA = mol. % of linear alcohol, BrA =
mol. % of branched alcohol, BrAE = mol. % of branched alcohol ethoxylates. There was a
positive correlation between the Low T number and the degree of crystalline failure. The key
determining parameter for the Low T number is the amount of linear alcohol and, in turn, the
amount of linear alkyl sulfate, which is formed in situ from the linear alcohol. This is to be

expected since the NMR studies indicated that crystals comprise alkyl sulfate hydrates.
5) The crystals consistently form from the air-liquid interface (Chapter 8)

Crystals began growing from the surface of the formulation before collecting on the bottom
surface of the formulation. The close packed nature of the monomers at the interface causes the
crystals to form from the surface of the bulk. The surfactant monolayer bears a distinct
similarity to that of the crystal structure and, therefore, provides a lower energy pathway to

crystal formation.

9.2 Improvements to low temperature stability test methods

Work within this thesis also tackled a topical issue at P&G regarding the efficiency of the low
temperature stability tests performed on their dish liquid products. Therefore, a secondary aim
of this research was to investigate routes to improve these test methods, which monitor
formulation stability between —3 °C and 10 °C. Prior to this work, the method for detecting

crystalline failures relied on daily observation of quiescent formulations across a 28-day period.
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Using the fundamental understanding acquired on the model and complex systems, routes to
reduce the variability and increase the efficiency of the test methods have been proposed within
this manuscript. Furthermore, the test method aimed to be more representative of the supply
chain, where formulations are subjected to agitation and vibrations. This additional scientific

insight has initiated the next stage in the development of stability tests at P&G.
9.2.1 Screening potential methods

Two viable options, seeding and sonication, were the first to be investigated. However, they
were not pursued past initial screening. An overview of the outcomes is outlined in the

following points:
1) Seeding with oven-dried dish liquid reduces the timescale to crystallisation (Chapter 7)

Across a sample set of 32 formulations, seeding with oven-dried dish liquid successfully
reduced the time to crystallisation. This can be attributed to the structural and compositional
similarity between the crystal and the seed, as was also the case in the SDS + 1-dodecanol
investigation. Despite the success, this method was not pursued past initial screening since it

came with practical limitations due to preparation process being laborious and time consuming.
2) The presence of sonication results in limited success (Chapter 7)

The application of sonication was also met with some success but, upon repeating the
experiments, the results displayed a significant degree of variability. This was a result of factors

that proved too difficult to control with the available equipment.
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9.2.2 Application of mixing

One method, the application of agitation, was investigated in further detail and the following

conclusions were drawn:

1) Mixing is a successful route to reduce both the timescale and variability of the

crystallisation process (Chapter 8)

Mixing the simple SDS + DDAO system at different speeds whilst cooling and recording the
conductivity of the solution initially demonstrated the viability of the method. Subsequently,
mixing was demonstrated to reduce the time to crystallisation in dish liquid samples as well as
reducing the statistical variability between the failure times of samples from the same
formulation batch. Time lapse photography and Crystalline8, a light transmission technique,
were used to investigate the effect of mixing on the time to failure. The reasoning for the
reduction in timescale in the presence of mixing can be attributed to a combination of primary
and secondary nucleation effects. The former is affected by collision frequency of the
monomers and the latter is a result of crystal breakage forming further nucleation sites and

boundary layer removal enhancing subsequent growth.
2) Crystallisation consistently occurs from the point of mixing (Chapter 8)

In a mixed sample, the solid phase formed from the point of mixing. Monomers display a high
velocity close to the mixing blade, which increases the probability of these molecules colliding

and forming a crystal structure.
3) The speed of mixing affects the spread of crystal growth (Chapter 8)

The rate at which crystallisation spread through the sample was found to be greatly affected by
the speed of the mixer. With increased mixing the entire system crystallised in a shorter period.

The mechanisms by which secondary nucleation is enhanced become more prominent. The
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induction time also decreased slightly with an increase in mixing speed. This can be explained
by an increase in collision frequency of the monomers, from which crystals form. The rate of
crystallisation at a selected point did not vary significantly, except for areas close to the stirrer

blade.

4) Mixing time to failure correlates with quiescent time to failure (Chapter 8)

At a set temperature and mixing speed, the time to failure, in the absence and presence of
mixing, was explored across a range of formulations. Although the errors with the quiescent

samples were large, the two failure times tended to show a positive correlation.

9.3 Future recommendations

This section indicates how this work could be extended with the following recommendations:

1) Extend the fundamental understanding to incorporate different model systems

This study has focused on surfactants that are of interest in dish liquid products, but similar
stability issues can also be observed in fabric conditioners and shampoos. As a result, further
work could involve using similar techniques and experimental approach with other model
systems and commercial products. Other surfactants could include linear alkylbenzene

sulfonate, betaines or branched alkyl sulfates.

2) Further extend the mixing investigation to incorporate a wider range of conditions

An in depth investigation of the effect of mixing on the crystallisation across different
temperatures and with a wider formulation space is required to determine the true application
of this method within industry. In this study, this proposed method has been tested across a
selection of products, but there is opportunity to test an extended number of formulations and

include other temperature conditions in addition to 0 °C.
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3) Optimisation of the detection technique

The majority of the stability testing contained in this manuscript relied on the use of time lapse
photography. In addition, a small set of experiments were performed using a light transmission
technique called Crystalline8. Advantages of this second technique include the ease of
quantification and capability for monitoring samples simultaneously. This could be one route

to incorporate mixing into sample testing on a large scale but requires further investigation.

4) Investigate the use of a vibrating table to perform mass stability testing

As a result of the findings from this project, P&G have acquired a vibrating table with a view
to monitoring the stability of several agitated samples simultaneously. The parameters,

amplitude and frequency, need to be optimised prior to implementation of this method.

5) Modelling as route to predict stability of formulations

Mixing has been proposed as a route to reduce the timescale of stability test methods at low
temperatures, but subsequent improvements could remove the need to perform any testing
completely. Future work could, therefore, focus on developing a modelling approach to predict
the stability of formulations using the Low T number as an initial starting point. Currently the
Low T number does not account for the amine oxide and unreacted alcohol in the formulation,
so these variables that would need to be incorporated into the model. Mixing would allow the
suitability of a model to be tested in a short space of the time. This project has opened the
gateway to future test methods and, in combination with the increased fundamental
understanding, a new low temperature stability test will be implemented on a large scale at P&G

in the foreseeable future.
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Appendix A Optical microscope settings
A.1 Microscope setup

Parameters for the optical microscopy setup were selected using the software platform Micro-

Manager. Figure A.1. below shows those selected for the purpose of experiments outlined in

this thesis manuscript.

& 'Micro-Manager 1419 - Di\micromanager\ximea objective arduino 2014 no delay.cfg o[@]=
File Tools Plugins Help
Camera settings Configuration settings [ save

[ @ stopLive | Exposurelms] h) Group Preset

({@ = Abum | Binning 1 v Auto exposure fon

: g Data format Mono8

H MultiDAcg]  Shutter v | Gain -

| SRefiesh | L0

Please cite Wicro-Manager so funding wil continue!

ROI Zoom Profile Autofocus

G ®)&) () (42 Group: + - Edi Preset + - Edi

Image info (from camera): 1376 X 1038 X 1, Intensity range: 0 bits, Onm/pix

Contrast | Metadata | Comments:

Scale Bar [Top-Lef els 7] Slow hist
Autostretch [ |ignore % Log hist

Figure A.1. Screenshot of the microscope settings.
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B.1 'H NMR assignments for the individual SDS and DDAO
components

(a) e o
4 3 3 3 2 ||/°
S
\/\/\/\/\/ \
3 3 3 3 1 O
(b) -
O@

f e e (3 ¥ N/
\/\/\/\/\/@\a
e e e e b
Figure B.1. Labelling scheme for the proton environments in (a) N,N-dimethyldodecylamine

N-oxide (DDAO) and (b) sodium dodecyl sulfate (SDS).
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(@)

5 4 3 2 1 0
Chemical shift / ppm

(b)
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Figure B.2. (a) *H NMR spectrum for a 20 wt. % SDS system and (b) *H NMR spectrum for a
3 wt. % DDAO system dissolved in D20 at 25 °C acquired at 500 MHz. As the NMR signals for
protons Ha and Hi are well resolved, and do not overlap with other peaks, they have been used
to identify each surfactant when in a mixed system. Hy is set to 3.67 ppm and both spectra have

been adjusted relative to this calibration.
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Table B.1. *H NMR assignments for the individual SDS and DDAO systems at 25 °C at 500

MHz.

Proton Chemical shift / ppm
Hi 3.67
H2 1.33
Hs 0.95
Ha 0.53
Ha 2.71
Hb 2.82
Hc 1.34
Hd 0.91
He 0.87
Hs 0.46

H20 4.35

Table B.2. Ty values for select proton environments acquired at 300 MHz.

Proton environment Ti/s
Ha 0.27
Hi 0.81
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C.1 Model SDS and SDS + DDAO systems

C.1.1 Small-angle X-ray scattering (SAXS) model fitting

To model the data the following approaches were used. In all cases, except those where
references are given, equations are based on those found in the comprehensive SASfit
documentation, which is available as part of the SASfit package written by Kohlbrecher and

Bressler that can be freely downloaded from the PSI website.
C.1.1.1 Data at 24 °C (charged ellipsoidal micelles)

The small-angle X-ray scattering (SAXS) data arising from both the 20 wt. % SDS and the
20 wt.% SDS + 3 wt.% DDAO samples was analysed using a model corresponding to a delta

distribution of charged core-shell prolate ellipsoids.
Ellipsoidal P(Q)

The form factor, P(Q) for core-shell ellipsoids is given by the following equations (Breliler et

al., 2015; Kakitani et al., 1995):

1

P(Q)ellipsm I F(Q /u)elhpsmd d/u (Cl)

0

F (Qi ,Ll) ellipsoid — (pcore ~ Pshell )\/core |: > - (XC ):| + (pshell ~ Psolvent )\/total |:3J1(Xt )j| (CZ)

X Xt

J,(x)= Smx;w (C.3)
X, =QyaZu? +b?(1— u?) (C.4)
x =Qya+tf i’ +(b+tP (- u?) (€5)
Ve = 4 7ab? (C.6)
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Vi = Y4 @+ )b+ )" (C.7)
In the above equations Q is the scattering vector and u = cos8, where 6 = an angle between the
major axes and the Bragg wave vector. The required analysis parameters are the semi-principle
axes of the core, a, the equatorial semi-axis axes of the core, b, the thickness of the shell, t and
the scattering length densities of the core, pcore, Shell, psnen and solvent psowvent. During analysis,
peore Was fixed at 7.68 x 10° cm™2 in line with previous SAXS analysis of SDS micelles in
water. This was done for both samples, as the alkyl chain is the same length in both cases. The
scattering length density of water, psoient = 9.46 x 10%° cm™, was calculated using the online
NIST tool (Munter, 2014). pshen Was fixed at 1.25 x 10! (Zemb and Charpin, 1985). All other

parameters were allowed to float and the results are listed in Table C.1.

Table C.1. Fitting parameters for surfactant solutions at 24 °C.

Parameter 20 wt.% SDS 20 wt.% SDS + 3 wt.% DDAO
a/nm 3.1 3.6
b/nm 1.8 1.7
t/nm 0.44' 0.45'
Nagg'"' 170 190
Psheil / 10'° cm™ 12.5 12.0
Rus /nm 2.4 2.7
Z [ electrons 20 20

lbkg/ cm™! 0.00167 0.00144

'Values taken from reference (Kakitani et al., 1995)and fixed during the fitting process.
ICalculated using 0.41 nm? as the volume of SDS.

Charged S(Q)

To describe the interparticle structure factor S(Q) the rescaled mean spherical approximation
(RMSA) approach introduced by Hayter and Penfold (Hayter and Penfold, 1981) was used, in
accordance with many other studies that have modelled small-angle scattering of SDS micelles
(Kakitani et al., 1995; Garg et al., 2005; Bergstrom and Pedersen, 1999). Parameters were the
effective hard sphere radius, Rus, the micelle charge, Z in units of the charge of an electron e

=1.60 x 107" C, the volume fraction of micelles, ¢ (held at 0.2 for 20 wt. % SDS and 0.23 for
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20 wt. % SDS + 3 wt. % DDAO), the temperature, T in °C (24 °C for the room temperature

samples, 0 °C for the cooled samples), the solution monovalent salt concentration (held at 1 x
107 M), and the dielectric constant (held at 71.08). Two parameters, Rus and Z, were allowed

to float and the results are presented in Table C.1.
Overall modelled scattering law

The overall scattering law corresponding to a delta distribution of charged core-shell prolate

ellipsoids is therefore given as follows:
(C.8)

1(Q) i =Nx P(Q)ellipsoid % S(Q) rmsa * ke
In the above, Igke is a fitted Q-independent (flat) background scattering that was unable to be

fully subtracted during the data reduction and normalisation routine. A breakdown of the fit

contributions for the 20 wt.% SDS + 3 wt.% DDAO sample are shown in Figure C.1.
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Figure C.1. Fit deconstruction for SAXS data for 20 wt. % SDS + 3 wt. % DDAO at 24 °C,

showing the contributions of the prolate ellipsoid micelle P(Q)enipsoid and the charged S(Q)rmsa.

The total scattering, 1(Q)fit= P(Q)ellipsoid X S(Q)rmsa + Iskc, Where lske = 0.00144.
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C.l1.2Dataat0°C

The SAXS data arising from both the 20 wt.% SDS and the 20 wt. % SDS + 3 wt.% DDAO
samples was analysed using a model comprising contributions from a power law, flat
background (leks) and a Bragg peak. For the 20 wt. % SDS + 3 wt.% DDAO sample an
additional contribution to the scattering from a charged micelle population was included, using
the same approach as explained above for the data at 24 °C.

The contributions from the power law and Q-independent background Igke is given as:

I(Q)PL+BKG = lg + Q" (C.9)

To model the Bragg peak, a Gaussian-Lorentzian sum was used:

1(Q)pen = 27 = m—zexp[—MnZ(QQmJ} 1-v (C.10)

oV 7 o 2
| | | | 7r|0'| 1+ 4(Q ~ Ona ]
ol )]

In the above, A is the area below the peak, v is the shape parameter (full Lorentzian if v =0, full

Gaussian if v = 1), Qmax is the peak centre and ¢ is the full width at half maximum. All of the
above parameters were allowed to float and the results of model fitting are shown in Table S.2.
A breakdown of the fit contributions for the 20 wt. % SDS + 3 wt. % DDAO sample are shown

in Figure C.2.
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Table C.2. Fitting parameters for surfactant solutions at 0 °C.

Parameter 20 wt.% SDS | 20 wt.% SDS + 3 wt.% DDAO, 20% SDS + 3% DDAO,

pH9 pH 2
a/nm - 4.3 -
b/nm - 1.8 -
t/nm - 0.49' -

Nagg' - 240 -
Pshell /109 cm™2 - 125 -
RHs/ nm - 2.8 -
Z [ electrons - 10 -
lokg/ cm™! 0.00176 0.00133 0.00198
B 0.00054 0.00014 0.00055
A 3.986" 3.895 3.964"
A 0.0723 0.0339 0.0117; 0.0246
Qmax 1.89 1.90 1.83;2.17
P 0.0377 0.0308 0.160; 0.0395
N 0.30 0.58 0; 0"

'Values taken from reference (Kakitani et al., 1995) and fixed during the fitting process.
ICalculated using 0.41 nm? as the volume of SDS (Vo and Papavassiliou, 2016).
Fixed in overall analysis based on value found by fitting gradient at low Q.

VFixed as allowing to float gave nonsensical values.

10

L T T T T T T T T

0.1 1
Q/nm”

Figure C.2. Fit deconstruction for SAXS data for 20 wt. % SDS + 3 wt. % DDAO at 0 °C,

showing the contributions of the power law (PL), background (BKG), micelle population and
peak intensities to the overall fit. The total modelled scattering, 1(Q)rit = 1(Q)rL+Bkc + 1(Q)reak

+ 1(Q)micelles.
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C.1.2 SAXS profiles at selected time points

Provided in the plots below are the SAXS profiles acquired for 20 wt. % SDS solutions
containing (a) 1 wt. % DDAO, (b) 2 wt. % DDAO, (c) 3 wt. % DDAO, (d) 4 wt. % DDAO and

and (e) 5 wt. % DDAO when held at 0 °C.
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Figure C.3. SAXs profiles acquired at various timepoints (0 s, 120 s, 600 s, 1200 s, 1800 s,
3600 s) during crystallisation of SDS + DDAO systems containing 20 wt. % SDS and (a) 1 wt.
% DDAO (b) 2 wt. % DDAO (c) 3 wt. % DDAO (c) 4 wt. % DDAO (d) 5 wt. % DDAO.
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C.1.3 Time-resolved wide-angle X-ray scattering (WAXS) profiles

WAXS profiles attained upon holding 20 wt. % SDS solutions with various amounts of DDAO
(1, 2,4, 5 wt. %) at 0 °C are provided in the next figure. The 20 wt. % SDS and 20 wt. % SDS

+ 3 wt. % DDAO profiles are contained in the main text (Chapter 4). Peaks of interest are

provided in Table C.3.
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(d)
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Figure C.4. 3D WAXS profiles acquired during the crystallisation of SDS + DDAO systems

containing 20 wt. % SDS and; (a) 1 wt. % DDAO (b) 2 wt. % DDAO (c) 4 wt. % DDAO (d)

5 wt. % DDAO.

Table C.3. List of notable peaks in the WAXS data at 0 °C.

Peak centre / nm™

20 wt. % 20 wt. % SDS + 3 wt. % 20 wt. % SDS + 3 wt. %
SDS DDAO, pH 9 DDAO, pH 2
1.85 1.87 1.79
3.76 3.76 2.13
5.67 5.68 4.33
11.37 11.35 6.52
13.89 13.85 7.24
1421 14.92 11.46
14.95 15.65 12.12
15.70 17.88 12.45
16.82 13.11
17.96 14.16
15.92V
16.87

VThis peak is likely to arise from two merged maxima, at approximately 15.8 and 16.0 nm™".

C.1.4 Avrami analysis

The fitting parameters acquired during Avrami analysis for the crystallisation of a 20 wt. %

SDS + 3 wt. % DDAO system are shown in Table C.4.
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Table C.4. SAXS fitting parameters for various scans during crystallisation of a 20 wt. % SDS

Appendix C The fitting of small-angle X-ray scattering profiles and further Avrami plots

+ 3 wt. % DDAO system at 0 °C.
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Avrami plots for a pure 20 wt. % SDS system held at different isothermal temperatures are

provided below. One of the plots for 12 °C is provided in the main text (Chapter 5).

@
1_
0_
<
=)
£
= 14
-2 . . . . : : : : :
1.6 1.8 2.0 2.2 2.4
Int

270



Appendix C The fitting of small-angle X-ray scattering profiles and further Avrami plots

(b)
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Int
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(d)
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Figure C.5. Avrami plots corresponding to crystallisation of a 20 wt. % SDS solution at
(@) 12 °C (rep 2). Fitted trendline has equation y = (2.96 + 0.063)x — 6.36 + 0.131 and R?
=0.998; (b) 12 °C (rep 3). Fitted trendline has equation y = (2.84 £+ 0.079)x — 7.43 + 0.190
and R? = 0.997; (c) 13 °C (rep 1): Fitted trendline has equation y = (3.43 + 0.088)x —
11.04 + 0.263 and R? = 0.995; (d) 13 °C (rep 2). Fitted trendline has equation y = (3.20 +
0.070)x — 11.65 + 0.234 and R? = 0.995; (e) 13 °C (rep 3). Fitted trendline has equation y =
(3.57 £ 0.051)x — 10.77 £+ 0.140 and R? = 0.999; (f) 14 °C (rep 1). Fitted trendline has
equation y = (3.60 + 0.053)x — 10.64 + 0.137 and R? = 0.999; (g) 14 °C (rep 2). Fitted
trendline has equation y = (3.69 + 0.185)x — 12.77 + 0.580 and R? = 0.983; (h) 14 °C (rep

3). Fitted trendline has equation y = (3.81 + 0.267)x — 10.81 + 0.666 and R? = 0.986.
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Table C.5. Avrami exponents attained for the crystallisation of a 20 wt. % SDS solution at

different isothermal temperatures: 12 °C, 13 °C and 14 °C.

Temperature Avrami exponent Average | Standard
1 2 error
12 2.71 2.96 2.84 2.84 0.0721
13 3.43 3.2 3.57 3.4 0.1079
14 3.81 3.69 3.6 3.7 0.0608

C.2 P&G dish liquid sample

SAXS profiles for the unstable formulation, Formulation A, at 24 °C and after 64 hours at
0 °C, are provided in the main text (Chapter 6). The fitting parameters for the two profiles are
shown below. This data was found to be optimally fitted with contributions from background

scattering, a spherical shell contribution. There is an additional Bragg peak contribution for the

data at O °C.

Table C.6. SAXS Fitting parameters for Formulation A at 24 °C and 0 °C.

Parameter

Formulation A, 24 °C

Formulation A, 0 °C

N (scaling factor)
Core radius R/ nm
Dispersity of R
Shell thickness / nm
peore / 101 cm~2
pshen / 101 cm™?
Micelle Radius /nm
S(Q) radius
Charge per micelles
Volume fraction
[salt] / M
&r
Co
C1
Ca
o
A
Peak centre
Peak width

8.03495E-25
1.79293
0.2846
0.568688
1.609
-3.031
2.3616
2.4106
0.00133
0.23
0.12
71.08
-0.0616841
0
2.19167E-5
3.38343
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7.42765E-25
1.95315
0.209121
0.494293
1.609
-3.031
2.447
2.54194
0.00133
0.23
0.12
71.08
-0.00191102
0
7.50329E-5
3.6437
0.00672443
1.71
0.0463421
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D.1. Samples 1-32

Table D.1. Compositional information for Samples 1-32

Sample number = Ratio AS/AO | Na;SOs4/wt. % | ‘Unreacted alcohol’ / wt. %

1 3.0 0.193 0.035
2 3.0 0.079 0.223
3 4.3 0.086 0.242
4 4.3 0.086 0.038
5 3.0 0.079 0.098
6 4.0 0.085 0.171
7 4.3 0.209 0.242
8 3.0 0.136 0.223
9 4.3 0.147 0.242
10 4.3 0.086 0.106
11 3.3 0.081 0.229
12 3.3 0.198 0.229
13 3.0 0.136 0.098
14 3.0 0.193 0.161
15 4.3 0.209 0.174
16 3.0 0.079 0.035
17 4.0 0.206 0.104
18 4.0 0.206 0.238
19 4.0 0.145 0.038
20 3.0 0.193 0.223
21 3.3 0.140 0.165
22 4.3 0.209 0.038
23 3.3 0.081 0.036
24 3.3 0.198 0.100
25 3.3 0.098 0.100
26 4.0 0.101 0.100
27 3.3 0.067 0.170
28 4.0 0.070 0.170
29 3.0 0.096 0.100
30 4.3 0.103 0.100
31 3.0 0.066 0.160
32 4.3 0.071 0.180

AS = alkyl sulfate
AO = amine oxide

‘Unreacted alcohol’ is remnant alkyl sulfate alcohol precursor
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E.1 Oven-dried dish liquid seeding

E.1.1. Seed formation

To form the oven-dried dish liquid seeds, the dish liquid is placed in the oven at 70 °C for 20

hours. As mentioned in the main thesis manuscript, the reasoning for this is a result of minimal

mass loss after this time. This is shown in the scatter plot in Figure E.1.
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Figure E.1. Relative change in the mass of a 20 g sample of dish liquid placed in an oven at

70 °C.
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E.2 Application of Mixing

E.2.1 Cooling time

In the Methods section in Chapter 8 (Section 8.3.2.2), a hold time of 2.5 hours was introduced
to allow the formulation in the vessel to attain the required temperature throughout the system.
Figure E.2 displays the related data that was used to select initial cooling time. After 2.5 hours,

there was negligible change in the temperature of the system.
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Figure E.2. Change in temperature and conductivity over time for a typical dish liquid product
(Formulation A) contained within the jacketed vessel. The water bath set to 0 °C with

measurements taken at the central point of the vessel.
E.2.2 Further time lapse images

The time lapse images of Formulation A at 0 °C were acquired at various mixing speeds.
Examples of these images (taken every 10 minutes) are provided in Figure E.3 for 50, 150 and

300 rpm. 20 rpm is provided in the main manuscript (Chapter 8).
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(@) 50 rpm

Figure E.3. Time lapse images taken at 10 minute intervals (a)-(g) upon holding Formulation

A at 0 °C and with an applied mixing speed of (a) 50 rpm (b) 150 rpm (c) 300 rpm.
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E.2.3 MATLAB code for greyscale intensity

The MATLAB code included on the next pages was written with the help of Dr. Thomas
Moxon. This was used to attain time-resolved greyscale intensity plots during the crystallisation

of Formulation A .

Script call all images in a folder, first image is opened and allows for
the used to crop picture for desired area, this will be repeated the

the desired number of times moving the cropped area up 2 times the height
of the original cropped area. The script will then loop over all images

for each of the cropped area, convert them to grey scale and take mean of
the 8bit colour number (0-255), this will be plotted for each area against
time. Along with this the first image will be plotted with rectangles
showing the areas which were analyses labelled alphabetically starting with
the initial cropping point.

All data will be saved in a .mat file, and the time and intensity data

d° @ A0 o° d° o d° o o° o° oo

will be saved in an excel file.

Change these things as appropriate

00 o o0 oo oo

location of folder containing the images required for processing

oe

M folder = 'E:\ExperimentX'; % location of folder containing the images required

for processing

% set times
time 0 = 0; % time of first image
time f = 60; % time of last image

The initial area which to sample:

- If left blank ( [];) square brackets with nothing inside, when the
script is run you will have to set an area to crop on the first
image when it pops up, click and drag to set the area, then right
click on the crop boarder and select 'crop image', at which point
the script will run

- If filled with a position vector, this value will be used for the
initial crop area and simulation will run with no user input

required

position vector will be 4 numbers in the following form:

00 o° 0 A° O A O A O o° d° o°

[left position, bottom position, width, height]
Crop_in
=[5.835100000000000e+02,6.545100000000000e+02,31.980000000000000,30.98000000000000]

’
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o)

% number of areas to analyse
N area = 4;

gets all files from the folder specified as M folder. all files of the

% type specified will be found:

% e.g., .JPG files will be found if '/*.JPG' is added after the

% folder, .png files if '/*.png' is added

% N.B. its case sensitive make sure hence .jpg is treated differently from .JPG

F = dir([M folder,'/*.JPG']);

oe

gets list of all files in folder with extension

.JPG
% check extension before hand and change as
% needed ( check case aswell) e.g., '/*.jpg'
% or '/*.JPG'
% Should not require changes after this point
$============Fxcept for figures if required (aesthetically)
gets string containing the name of the folder-- this is used to name the

o
°
o
°

files produced from the script
file names =fliplr(strtok(fliplr(M_folder),'\'));

some files are found, im unsure why but they begin with '. ' or ' ' hence

o
°
o
°

these will be removed if they are present

sremove any files starting with '. ' or ' '

patl = ". ';

pat2 = ' ';

files = sort nat({F.name}'); % get names of images

files(startsWith(files,patl))=[1];
files (startsWith(files,pat2))=[1];

set memory for Intensity and Crop dimension-—
we produce a matrix of zeros as this speeds up the for

o o° oe

loop
Intensity = zeros(numel (files),N area);
Crop_dim all = zeros(N_area,4);

% begin timer
tic

%loop counter- initially set to zero

ii=0;

)

for files =files' % cropping & intensity loop - goes through each file found in

order
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ii = ii+l1 % counts number of files through loop

Img = imread([M folder '/' files{1}1); % reads each image in folder

if ii ==
[Img, resize Crop] = imcrop (Img);
else
Img = imcrop (Img,resize Crop);
end
Img = imresize (Img, [1250,890]);
for ij = 1:N area % loops over the different sampling positions

o)

% first image
if ii ==1 && ij==1 && isempty(Crop in) % if no inital cropping dimensions
are provided
figure (1)
[Img ¢, Crop dim] = imcrop(Img); % Opens up a figure of the first image
which can be cropped
Crop dim all(ij,:)= Crop_ dim; % Crop dimension
[x-pos y-pos width height]
close (figure (1))
% set cropping for extra points
for jj = 2:N area
Crop_dim _all(jj,:) = [Crop dim(l) (Crop dim(2)-(2*jj-
2)*Crop _dim(4)) Crop dim(3) Crop dim(4)];
end
figure (2);
imshow (Img); % re-open first image as figure 2 for further editing
later
elseif ii ==1 && ij==1 && ~isempty(Crop in) % If initial cropping

dimensions are provided

Crop_dim all(ij,:) = Crop_in;
for jj = 2:N _area
Crop_dim all(jj,:) = [Crop in(l) (Crop_in(2)-(2*3jj-2)*Crop in(4))
Crop in(3) Crop in(4)];
end
Img ¢ = imcrop(Img,Crop dim all(ij,:));

figure(2);
imshow (Img) ;
else % cropping for all other images after the first image
Img ¢ = imcrop(Img,Crop dim all(ij,:));
end
% measures mean intensity of cropped area (should be a number between 0
(black) and 255 (white))
Intensity(ii,ij) = mean2(rgb2gray(Img c));
end

o)

end % end loop

% end timer and provide output to command window in seconds

toc

% assumes each image is taken with the same time spacing
time = linspace(time O,time f,numel (Intensity(:,1)));
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o)

% convert intensity to a percentage of white

PercentageIntensity = Intensity/255*100;

o)

% create array of letters for labelling
alph =char ('A'+(1:26)-1);

figures

figure (1)

plot (x-axis, y-axis, options)
options in quotations '', can set color, linestyle, point marker etc.
color k = black
r = red
b = blue
@LCo
solid line

linestyle -
-- = dashed line

-. = dashed & dotted line
= dotted line

So, 'k-' produces a black solid line

A0 o° A0 o° ° o O o d° oo oo

plot (time, PercentageIntensity)

o)

xlabel ('Time [min]') % label for x-axis

[

ylabel ('Intensity (%) ")

o)

% y-axis label
title('Intensity plot') % title of graph
if N _area ==
legend(alph(1l), "location', 'eastoutside')
elseif N area ==
legend(alph(1l),alph(2), 'location', 'eastoutside')
elseif N area ==
legend (alph(1l),alph(2),alph(3), 'location', 'eastoutside')
elseif N area ==
legend (alph(1l),alph(2),alph(3),alph(4), 'location', 'eastoutside"')
elseif N area ==
legend (alph(1l),alph(2),alph(3),alph(4),alph(5), 'location', 'eastoutside")
end

E.2.4 Fitting parameters

The greyscale plots were fitted to a 4-parameter sigmoidal function (see Chapter 8). The

values for the different parameters are provided in Table E.1.
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Table E.1 Fitting parameters for the sigmoidal plots of greyscale intensity over time, performed

in triplicate at a mixing speed of (a) 20 rpm (b) 50 rpm (c) 150 rpm and (d) 300 rpm. For each

replicate, 4 greyscale plots were attained corresponding to areas A-D (provided in Figure

8.2(b)).
(@)
20-1 20-2 20-3
A B Cc D A B C D A B C D
yo | 11.02 10.49 | 1115 | 12.40 1006 | 9.113 | 9.812 | 20.14 | 7.769 | 6.261 | 6.792 | 8.661
A | 37.88 3846 | 37.01 | 36.13 4175 | 40.798 | 40.71 | 30.15 | 43.10 | 45.04 | 44.17 | 42.07
Xo | 31.59 3426 | 3695 | 41.22 3486 | 37942 | 4114 | 4494 | 36.75 | 38.77 | 41.08 | 4457
B | -1.278 | -1.348 | -1.466 | -2.449 | -1.68 -1.664 | -2.247 | -2.049 | -1.572 | -1.765 | -1.853 | -2.436
RZ | 0.9972 | 0.9981 | 0.9983 | 0.998 0.9995 | 0.9996 | 0.9991 | 0.9983 | 0.9997 | 0.9998 | 0.9997 | 0.9986
(b)
50-1 50-2 50-3
A B Cc D A B Cc D A B C D
Yo | 9.664 | 9.348 | 9.251 | 9.542 | 1258 | 11.92 1419 | 1454 | 10.95 | XX 10.88 | 11.28
A 3824 | 39.76 | 38.06 | 3834 | 3754 | 3855 3564 | 35.79 | 36.23 | 36.77 | 3558 | 35.20
Xo | 2950 | 30.88 | 3229 | 3350 | 3111 | 32.66 33.90 | 3499 | 31.06 | 3230 | 33.18 | 34.08
B | -1.165 | -1.208 | -1.135 | -1.351 | -1.098 | -1.080 | -1.060 | -1.262 | -1.117 | -1.054 | -1.036 | -1.160
R? | 0.9991 | 0.9991 | 0.9994 | 0.9993 | 0.9974 | 0.9979 | 0.9986 | 0.999 | 0.9948 | 0.9955 | 0.9938 | 0.9953
(©)
150-1 150-2 150-3
A B C D A B C D A B C D
Yo 8.370 | 7.719 | 7.404 | 7.684 7.420 | 6.766 | 6.322 | 6.4962 | 1096 | 10.22 | 10.94 | 11.56
A 39.73 | 40.23 | 39.91 | 39.75 39.27 | 40.19 @ 39.01 | 3952 | 36.11 38.20 | 35,56 | 35.46
Xo 27.80 | 28.68 | 29.22 | 29.57 2596 | 26.92 | 27.62 | 27.98 | 27.17 | 27.88 | 28.45 | 28.77
B -1.171 | -1.048 | -1.032 | -1.096 | -1.179 | -1.094 | -1.041 | -1.163 | -0.959 | -0.997 | -0.874 | -0.937
R? 0.9988 | 0.999 | 0.999 | 0.999 | 0.9994 | 0.9995 | 0.9998 | 0.9997 | 0.9955 | 0.996 | 0.9934 | 0.9927
(d)
300-4 300-5 300-6
A B Cc D A B Cc D A B Cc D
Yo 9.217 | 8.458 | 8.417 | 8.886 | 1232 | 1146 | 1217 | 1285 | 1246 | 11.60 | 1239 | 13.34
A 4119 | 4198 | 4123 | 4088 | 3790 | 39.06 | 3757 | 3725 | 3781 |39.17 | 3739 | 37.00
Xo 2713 | 2751 | 27.72 | 2784 | 2585 | 26.24 | 2646 | 2656 | 2591 | 26.27 | 26.50 | 26.58
B -0.984 | -0.965 | -0.971 | -1.006 | -0.890 | -0.883 | -0.877 | -0.927 | -0.876 | -0.883 | -0.864 | -0.921
R? 0.999 | 0.9991 | 0.9989 | 0.9984 | 0.9941 | 0.9947 | 0.9909 | 0.9894 | 0.994 | 0.9946 | 0.9905 | 0.9872
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