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ABSTRACT

This thesis investigates the development and application of innovative polymer additives

aimed at enhancing anti-fouling properties and overall functionality of glazed ceramic tiles.

The research focuses on understanding the behaviour of polyelectrolytes and their inter-

actions at various interfaces, addressing industrial challenges related to improving ceramic

surface properties and creating effective anti-fouling coatings.

The study begins with a comprehensive review of polymers and polyelectrolytes, both in

solution and at interfaces, exploring key phenomena such as adsorption, desorption, surface

modification, and the anti-fouling characteristics of these polymers.

A multi-faceted methodological approach is employed, utilising advanced characterisation

techniques such as Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) for

real-time analysis of mass adsorption and rate constants, Atomic Force Microscopy (AFM)

to examine the thickness and adhesion of polymer coatings at the nanoscale, Dynamic Light

Scattering (DLS) to assess the size and charge of polymer particles in solution, and Surface

Tension Measurements to elucidate interactions between polymers and ceramic surfaces, with

a particular focus on wettability and coating uniformity.

The findings reveal that the architecture of polymers significantly influences their perfor-

mance. For example, block copolymers form stable, hydrated layers on ceramic surfaces,

which are critical for anti-fouling applications. In contrast, random copolymers exhibit var-

ied adsorption behaviours depending on polymer concentration and environmental pH. The

research also examines the impact of foulants on polymer performance, showing that certain

polymer architectures provide superior resistance to fouling—a feature particularly impor-

tant in applications such as household toilets, where maintaining clean surfaces is essential.
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In conclusion, this work provides a detailed understanding of how innovative polymer addi-

tives can enhance the properties of glazed ceramics. The results indicate that by tailoring

polymer structures, substantial improvements in the functionality of ceramic coatings can

be achieved, with significant implications for industrial applications. Future research direc-

tions include optimising polymer architectures for specific applications and exploring further

characterisation methods to advance the field.
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Chapter One

Introduction

1.1 Research Motivation

In 2016, four billion people worldwide grappled with one of today’s most pressing global

issues: severe water scarcity.1 Figure 1.1 shows a map of expected water stress by country

in 2040. As the global population expands, the water demand intensifies, from domestic

household usage to industrial applications. In response to this challenge, researchers have

explored various approaches, including harvesting water from the atmosphere2 and imple-

menting water desalination and treatment technologies.3 However, one method that has

received comparatively less attention is the reduction of water consumption associated with

toilet flushing, both in households and industries.
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Figure 1.1: Projected Global Water Stress by Country in 2040. The map, created by the

World Resources Institute, illustrates the anticipated water stress levels worldwide by 2040.

The colours represent the ratio of water withdrawals to supply: yellow (<10%), light

orange (10-20%), orange (20-40%), red (40-80%), and dark red (>80%). Regions expected

to experience the highest levels of water stress include Northern Africa, the Middle East,

and parts of Asia.4

It is estimated that over 141 billion litres of water are consumed daily for toilet flushing,

which equates to approximately six times the daily water usage of the entire population

of Africa.5 Water and formulated polymer are necessary for the removal of faecal matter

and urine, as well as containing chemical species that kill bacteria and ensure hygiene by

eliminating odours and stains left behind by faecal matter. Reducing the amount of water

used for flushing would offer several advantages:

• Improved water efficiency would facilitate the development of more efficient toilets,

particularly crucial in regions facing water scarcity, such as sub-Saharan Africa.

• This reduction would enable the extension of hygiene access to areas with significant

water scarcity.

2



Introduction

• Even in regions where water is abundant, such reductions would lessen the environ-

mental burden of the system.

An avenue that remains underexplored is the reduction of interfacial adhesion between toilet

surfaces and human faeces, aiming to minimise the amount of water needed both for material

removal and hygiene maintenance. Such an approach has the potential to reduce the volume

of water required for waste removal on a global scale. The concept behind implementing the

coating is to apply it within the toilet tank and have the polymer coating applied with every

flush. This method ensures that each flush not only maintains a clean surface but also aids

in the rapid and thorough removal of waste materials, preventing residues from adhering

to toilet surfaces. Consequently, this approach could enhance waste removal efficiency and

significantly reduce overall water consumption for sanitation purposes.

Suitable chemicals for adhesion reduction may exist, however, any compound used must be

sustainable. Today, there exists a global imperative to conceive and refine sustainable mate-

rials. In recent decades, scientists have engineered numerous high-performing materials for

various applications, albeit often at the expense of sustainability. The contemporary chal-

lenge lies in enhancing the sustainability of these materials while preserving or even enhancing

their performance. Addressing this challenge necessitates a comprehensive understanding of

the mechanisms underlying sustainable materials. As infectious and chronic diseases pro-

liferate in our society, there has been an amplified emphasis on health and hygiene. One

contributing factor to this trend is poor toilet hygiene, which can lead to the spread of mul-

tiple diseases, thereby exacerbating the prevalence of infectious diseases.6 The leading global

manufacturers of toilet cleaning products include P&G, Henkel AG & Co. KGaA, S. C.

Johnson & Son, Inc., Unilever, Kao Corporation, The Clorox Company, Reckitt Benckiser

Group Plc, and Church & Dwight, Inc., among others.7 According to the Toilet Care Prod-

ucts Market Growth Analysis Report for 2023-2033, the compound annual growth rate for

toilet care products is forecasted to increase by 3.4% over the next ten years. Presently
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valued at US$5.8 billion, it is projected to reach US$8.1 billion.6

1.2 Industrial Relevance

Innospec is a global chemical company with twenty production and research sites. While

its headquarters are in Denver, its primary manufacturing facilities are located in Europe

and the U.S., with all fundamental scientific research and product discovery programs con-

ducted at the R&D centre in Ellesmere Port. The company is involved in the development,

manufacturing, blending, marketing, and supply of speciality chemicals for various applica-

tions, including fuel additives, personal care ingredients, home care products, agrochemicals,

mining applications, and oilfield chemicals. Innospec operates through four main business

segments: Fuel Specialties, Performance Chemicals, Oilfield Services, and Octane Additives.

The primary focus of this research project associated with Innospec is to innovate a range

of anti-fouling additives aimed at minimising soil attachment and repelling dirt to maintain

a clean glazed ceramic surface.8

1.3 Research Focus and Methodology

The overarching objective of this research program is to create a thin polymer film capable of

repelling foulants while maintaining transparency, stability, and activity, and forming a con-

trolled layer on a glazed ceramic surface. This endeavour involves exploring a diverse range

of chemical moieties to assess their deposition amounts and rate constants. Throughout this

research project, the primary focus has been on the quartz crystal microbalance-dissipation

(QCM-D) technique.

The QCM-D was employed to measure real-time changes in mass and viscoelastic properties

at the sensor surface with nanoscale precision. This method allowed for monitoring molecu-
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lar adsorption and desorption, providing insights into structural changes. The experimental

setup included an advanced multichannel system with precise flow rates and thorough clean-

ing protocols to ensure accuracy.

Atomic Force Microscopy (AFM) was used to measure film thickness and adhesion by scan-

ning a sharp tip over the sample surface. This technique was essential for assessing the

physical properties of block copolymers, particularly focusing on film thickness and adhe-

sion.

Dynamic Light Scattering (DLS) was employed to analyse both particle size and surface

charge. DLS measured particle size by observing light scattering due to Brownian motion,

while electrophoretic mobility assessments determined surface charge. This method was

crucial for understanding polymer interactions in solution.

To measure the surface energy of liquids, which influences wetting and spreading behaviour

on surfaces, Surface Tension Measurement was conducted. This technique helped determine

the surface energy of polymers on various substrates.

The Flow Lubricating Solution for Household Toilets (FLuSHT) technique assessed polymer

response to synthetic faeces, effectively bridging the gap between microscopic and macro-

scopic testing and evaluating polymer performance in real-world scenarios.

The Force Board Test measured the force required to detach a coated glazed ceramic tile

from synthetic faeces, providing quantitative data on polymer adhesion properties under

simulated real-world conditions.
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Each method was selected for its specific strengths in providing detailed and accurate data

essential for this study. The meticulous experimental setups, rigorous cleaning protocols,

and thorough data analysis ensured the reliability and repeatability of the results.

The thesis is structured in a series of chapters:

• Polymer Structure, in Solution, Surfaces and Interfaces: Chapter 2 explores

the fundamental aspects of polymer science, emphasising the structure and behaviour

of polymers in solutions, on surfaces, and at interfaces. It begins by defining polymers

and copolymers, detailing various architectures such as random, alternating, block,

and graft copolymers. The chapter also investigates polyelectrolytes, their types (e.g.,

polycations, polyanions, polyampholytes, and polyzwitterions), and their applications

in modifying surface properties for antifouling purposes. Special attention is given

to understanding the adsorption, desorption, and orientation of polymers on surfaces,

which is essential for developing effective antifouling polymers.

• Experimental Methods and Instruments: Chapter 3 outlines the experimental

methods and instruments employed in this research. Key techniques include Quartz

Crystal Microbalance (QCM) for monitoring adsorption and desorption, Atomic Force

Microscopy (AFM) for measuring film thickness and adhesion, and Dynamic Light

Scattering (DLS) for assessing particle size and polymer solution charge. Additional

methods, such as contact angle measurements and the FLuSHT test, evaluate surface

energy and the polymer’s response to synthetic faeces. The chapter offers comprehen-

sive insights into the principles, data interpretation, limitations, and setups of these

methods.

• Understanding the Surface Chemistry of Glazed Ceramic Tiles: The surface

properties of glazed ceramic tiles are analogous to those of silicon dioxide sensors,

both characterised by the presence of silica (SiO2). In this research, silicon dioxide
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sensors were utilised due to their similar surface properties, making them suitable for

the intended application.

• Establishing a Model System: A model system was established to examine the

adsorption kinetics and mass adsorption of a block-copolymer system derived from lit-

erature. This involved evaluating the interaction between polymers and silicon dioxide

QCM sensors to optimise polymer deposition. Additionally, binding energy and depo-

sition thickness on the QCM sensor were measured using AFM, as detailed in Chapter

4.

• Introduction of Innovative Additives: The findings were shared with Innospec,

who then designed a matrix of random copolymer samples and incorporated their

additives. These were tested on the QCM to understand how more realistic systems,

compared to the block copolymer, behave in practical applications such as toilet bowl

systems, as detailed in Chapter 5.

• Testing on Glazed Ceramic Tiles: Finally, the random copolymers provided by

Innospec were tested on glazed ceramic tiles for toilet bowl applications. Utilising a

top-down approach, the study assessed surface adhesion and hydrophobicity through

contact angle measurements, force board tests, and the FLuSHt test, as detailed in

Chapter 6.

• Summary of Findings and Future Work Chapter 7 summarises the key research

findings and outlines future research directions. It highlights the successful identi-

fication of polymer structures with the desired surface and solution behaviours for

antifouling applications, discusses the limitations of the study, and proposes further

investigations to optimise polymer designs and testing methods. Future work includes

exploring new polymer combinations, improving experimental techniques, and con-

ducting long-term performance evaluations in real-world scenarios.

7



Chapter Two

Polymer Structure in Solution and at

Surfaces and Interfaces

The aim of this thesis, as discussed in Chapter 1, is to identify chemicals that might resist

the adhesion of faeces to toilets. This chapter aims to review the relevant literature. To

understand how polymers behave and orient themselves at the surface, it is imperative to

examine both their structure and behaviour at interfaces. First, it is essential to define what

a polymer is and explore the different types of polymers that can be synthesised for various

applications. This chapter primarily focuses on polyelectrolytes and their behaviour both

in solution and at interfaces. Additionally, it is important to consider the surface aspect of

the mechanism, examining the adsorption and desorption of polymers on surfaces and how

these surfaces can be modified to achieve desired outcomes.

Understanding the rate at which molecules adsorb onto surfaces and the conformations they

adopt upon adsorption is crucial. Another key aspect is identifying the driving forces behind

polymer adsorption, particularly electrostatic interactions. Since the project aims to identify

an effective antifoulant polymer, this chapter also reviews the literature on various antifouling

candidates and their applications in preventing fouling on specific substrates
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Polymer Structure in Solution and at Surfaces and Interfaces

2.1 Polymer Science

Polymers are large molecules formed by covalently linking monomers, which are small organic

molecules typically around 5 Å in size. These macromolecules often have a molecular weight

greater than 10,000 Da and a length typically exceeding 300 Å. Polymers composed of two

or more different types of monomers are called copolymers. Polymers are integral to our

daily lives. For instance, Poly(ethylene terephthalate) (PET) is widely used in the polyester

film industry for applications such as food packaging, bank and ID cards, electronics, and

photovoltaics. Polypropylene is found in packaging, aircraft, ropes, toys, and construction

materials. Polystyrene is used in items like bottles, TV cabinets, and lids, making it one of

the most common polymers in the packaging industry. Polyvinyl chloride (PVC) is employed

in furniture, doors, windows, and even clothing.

Polymers can be structured in several ways, the four basic structures are random, alternating,

block and graft.9 However, the structures can be modified to achieve the desirable interfacial

properties. A random structure consists of two or more different monomer units sequenced in

a random orientation of repeating units illustrated in Figure 2.1(a). An alternating copoly-

mer consists of two different monomer units distributed in an alternating regular sequence,

as shown in Figure 2.1(b). Block copolymers are formed when two or more monomers group

together and essentially form “blocks” of repeating units (diblock, triblock etc) illustrated

in Figure 2.1(c). Finally, graft copolymers are in which blocks of one monomer are grafted

onto a backbone of the other branches illustrated in Figure 2.1(d).
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Figure 2.1: Illustration of a few of many the basic copolymer structures, (a) random

(b) alternating (c) block and (d) graft copolymers. A in pink and B in blue represent

different monomers.

2.1.1 Polymer Solubility

In solution, the conformation of polymer chains is influenced by three key factors: their vol-

ume fraction (i.e., the concentration of the solution)10, the energetic interactions between sol-

vent molecules and polymer monomers, and the temperature.11 For simplicity, the energetic

interactions of polymers can be categorised into two main groups: "polar" and "non-polar."

Polar molecules had an uneven distribution of electron charge, creating a dipole, which made

it energetically favourable for them to associate with each other. Non-polar molecules, lack-

ing a charge dipole, preferred to associate with similar molecules. For instance, non-polar

polymers like polystyrene dissolve in non-polar solvents such as toluene but precipitate in

polar solvents like water.12 An exception to this rule is polyethylene oxide, which is soluble

in both polar and non-polar solvents due to its unique molecular structure and the interplay

of its chemical properties. The energetic favorability of these solvent-monomer interactions
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can be quantified by the Flory interaction parameter χ.13

χ =
z∆u

kT
(2.1)

In this equation:

• z is the coordination number, representing the number of nearest neighbours around a

polymer segment or monomer.

• ∆u is the difference in interaction energy between the solvent-polymer and the average

of solvent-solvent and polymer-polymer interactions.

• k is Boltzmann’s constant, which relates energy to temperature at the molecular level.

• T is the absolute temperature, measured in Kelvin.

As △u represents the difference in the pairwise interaction energies between the solvent and

the polymer monomers.11 For certain solvents and polymers, solubility also depended on the

volume fraction.10 For example, there is a limit to how much polymer could be dissolved in a

given volume of solvent; exceeding this limit results in the formation of two phases: "solute"

and "solid".12 It is evident that a distinct transition from a solid phase to a dissolved phase

occurs in these systems, depending on three key parameters: volume fraction (ϕ), solvent

interaction parameters (χ), and temperature (t).13

2.1.2 Polyelectrolytes

Polyelectrolytes (PE), unlike neutral polymers, consist of ionisable repeat units and are also

known as ionic polymers.14 They are utilised in various technological applications, includ-

ing antifouling coatings, and play a significant role in the formulation of shampoos and
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conditioners.15 Polyelectrolytes are also integral to the wettability of separation membranes

and the stabilisation of colloidal dispersions.16 Due to their charged nature, polyelectrolytes

can modify a substrate’s surface properties by adsorbing onto it. These modifications can

affect the surface’s biological resistance, lubrication, adhesion, or wettability.16,17

Both synthetic and natural polyelectrolytes (PEs) have gained significant research interest

due to their potential commercial applications. Natural PEs include charged polysaccharides

and poly(nucleic acids). Polyelectrolytes with both positive and negative charges in the

same monomeric unit are called polyzwitterions. Polyampholytes are copolymers that have

positive and negative charges on separate monomeric units (A or B), which can be arranged

randomly (e.g., BAAB) or alternately (e.g., ABAB) within the polymer chain. As shown in

Table 2.1, polycations consist of an overall net positive charge, while polyanions consist of

an overall net negative charge.

Common examples of polyelectrolytes include polystyrene sulfonate (PSS), polyacrylic acid

(PAA), polymethacrylic acid (PMAA), their respective salts, as well as DNA and other poly

acids and polybases.18 Polyelectrolytes become charged when dissolved in water because they

contain ionisable groups that dissociate, resulting in charged polymer chains.18 The behaviour

of polyelectrolytes in solution involves a balance between the electrostatic interactions of

the charged side groups and the hydrophobic interactions of the polymer backbone. This

interplay between hydrophilic and hydrophobic properties has been a significant focus of

research interest for many years.

12
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Table 2.1: Schematic structure of various polyelectrolytes.

Polyelectrolytes

Name Structure Example

Polycation

Polyanion

Polyampholyte

Polyzwitterion

13



Polymer Structure in Solution and at Surfaces and Interfaces

Figure 2.2 illustrates the behaviour of cationic and anionic polyelectrolytes in solution. Poly-

electrolytes are charged under certain conditions, though not always. The figure is divided

into two parts: (i) and (ii). In part (i), complex formation occurs due to the interaction

between the positively charged repeating units of a cationic polyelectrolyte (polycation) and

the negatively charged repeating units of an anionic polyelectrolyte. This complex formation

is a result of the electrostatic interactions between the positive and negative charges.19

Studies have shown that such polyelectrolyte complexes provide an effective means of ad-

sorbing substantial quantities of hydrophilic agents, enhancing bonding on different mate-

rials, and potentially leading to significant strength improvements.20 Although synthesising

polyelectrolytes may involve significant energy and procedural requirements, these processes

generally occur before the agents interact with the material surface being treated. The terms

’ladder’ and ’scrambled egg’ were first used by Michaels in 1965 to describe how polyelec-

trolytes might arrange themselves to maximise electrostatic interaction.19
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Figure 2.2: Schematic illustration of polyelectrolyte complexation. (i)Solution and (ii)

Deposition behaviour of the polyelectrolyte onto the surface.19

Cationic polyelectrolytes, such as those employed in various industries as conditioners, thick-

eners, flocculants, or emulsifiers, serve critical roles in the formulation process as shown in

Table 2.2.21–24 Recently, significant interest has focused on their applications in controlling

particle nucleation and growth, and as essential components in constructing polyelectrolyte

multilayers for coating planar substrates or encapsulating colloidal particles.25,26

In these applications, the primary processes involve the adsorption of these cationic poly-

electrolytes onto negatively charged substrates, resulting in charge reversal and significant

modification of electrostatic and other surface forces.27,28
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Table 2.2: Examples of cationic polyelectrolyte (repeat units) and specific names and

structures for each example.

Example Name/Structure

Conditioner

Thickener

Flocculant

Emulsifier
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Coacervation is traditionally associated with interactions between oppositely charged poly-

electrolytes, driven primarily by electrostatic attractions, which are essential for the for-

mation of various biological materials and synthetic adhesives. However, recent studies,

inspired by the adhesive mechanisms of mussels, have shown that coacervation can also oc-

cur between like-charged polyelectrolytes. This discovery opens new possibilities for material

design, particularly in applications requiring strong adhesion in aqueous environments.

Kim et al.29 investigated this unconventional mechanism using recombinant mussel foot

protein-1 (Rmfp-1) and poly(2-(trimethylamino)ethyl methacrylate) (MADQUAT), both of

which are like-charged polyelectrolytes. To replicate the adhesive properties found in mussels,

the researchers prepared mixtures of Rmfp-1 and MADQUAT, varying polymer concentra-

tions, mixing ratios, and ionic strengths. Coacervate formation was monitored using optical

microscopy, turbidity measurements, and UV-resonance Raman spectroscopy, with a focus

on molecular interactions and the role of cation–π interactions.29

The study confirmed that coacervates could indeed be formed between like-charged polyelec-

trolytes. These coacervates were found to be less dense and less sensitive to environmental

changes compared to traditional coacervates formed by oppositely charged polyelectrolytes.

Raman spectroscopy revealed alterations in the vibrational bands of tyrosine residues, sug-

gesting that cation–π interactions play a crucial role in overcoming the repulsive forces

between like-charged molecules. These findings challenge the conventional view that coac-

ervation requires oppositely charged polyelectrolytes, demonstrating that strong short-range

cation–π interactions can facilitate complexation. This insight expands the theoretical under-

standing of polyelectrolyte interactions, emphasising the importance of non-covalent interac-

tions in the stability and formation of coacervates. Furthermore, the observed low interfacial

tension in these coacervates underscores their potential use in biomolecule encapsulation and

the development of novel materials with adaptive properties.29
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2.1.3 Polyelectrolytes in Solution

In polyelectrolytes, electrostatic interactions play a fundamental role in defining their unique

characteristics and must be incorporated into any theoretical model. The electrostatic inter-

action (potential energy) between two point charges can be expressed as z1z2v(r), where z1

and z2 are the valences of the interacting charges (i.e., the charges expressed as multiples of

the elementary charge e), and v(r) represents the electrostatic potential. The electrostatic

potential v(r) is defined by Coulomb’s law:30,31

v(r) =
e2

kBTϵr
(2.2)

In this equation:

• e is the elementary charge (approximately 1.6× 10−19 Coulombs).

• kB is the Boltzmann constant (1.38× 10−23 J/K).

• T is the absolute temperature in Kelvin.

• ϵ is the dielectric constant of the medium, which indicates its ability to attenuate the

electric field.

• r is the distance between the two charges.

Energies are expressed in terms of thermal energy kBT . This formulation indicates that the

electrostatic potential diminishes with increasing distance between charges and is inversely

related to the medium’s dielectric constant.30

The total electrostatic energy of a charge distribution can be determined by summing all

pairwise interactions between charges, as represented by this Coulombic interaction model.
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Compared to neutral polymers, the behaviour of polyelectrolytes in solution is predominantly

influenced by Coulombic attraction or repulsion among their charged monomer units. In pure

water or solutions with low ionic strength, Coulombic repulsion is pronounced, often causing

the polymer chains to expand due to like-charge repulsion along the chain. In contrast,

in environments with high ionic strength, such as concentrated salt solutions, mobile ions

effectively screen electrostatic interactions, resulting in the contraction of polymer coils and

a decrease in their hydrodynamic radius, Rh.

This screening effect is quantitatively described by the Debye length (κ−1), which measures

the effective range over which electrostatic interactions are screened in a solution. The Debye

length is given by:32

κ−1 =

√
ϵkBT

2NAe2I
(2.3)

where:

• NA is Avogadro’s number (6.022× 1023 mol−1).

• I is the ionic strength of the solution, calculated as I = 1
2

∑
i ciz

2
i , with ci being the

concentration of the i-th ion (in mol/L), and zi its valence.

The Debye length decreases as ionic strength increases, indicating that more ions are available

to “screen” the electrostatic interactions among the charged groups of the polyelectrolyte.

This enhanced screening effect leads to the contraction of the polymer chains, reducing their

effective size in solution. The Debye length is thus a crucial parameter for understanding

the behaviour of polyelectrolyte chains under different ionic conditions. This phenomenon,

commonly referred to as the “polyelectrolyte effect,” is depicted in Figure 2.3.
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In summary, the Debye length provides a quantitative understanding of the extent to which

electrostatic interactions are screened in a solution, directly affecting the physical properties

and behaviour of polyelectrolytes in various applications.

Figure 2.3: Illustration of a polyelectrolyte coil exhibiting an expanded conformation under

low salt concentration, demonstrating the "polyelectrolyte effect," followed by a transition

to a more compact conformation under high salt concentration.

Polyelectrolytes with linear and flexible backbones are typically classified into two main

groups based on their degree of dissociation: "weak PE" such as PAA and "strong PE"

such as PSS. Weak PEs undergo partial ionisation depending on the solution’s pH, while

strong PEs contain side units such as the sulfonate groups in PSS that fully dissociate in

water due to their strong acid or base nature. The Poisson-Boltzmann equation, originally

formulated by Gouy and Chapman33, is a fundamental model for describing polyelectrolyte

behaviour. Research has extensively explored rod-like polyelectrolytes34,35 and counterion

condensation36,37 phenomena to validate experimental results. Review articles also discuss

various characteristics of polyelectrolytes in solution.38,39 Figure 2.4 provides examples illus-
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trating the diversity of polyelectrolyte structures.’

Figure 2.4: The structure of: A) poly(styrene 4-sulfonate) (PSS) which is a polyanion; B)

poly(acrylic acid) (PAA) which is a weak polyanion; C) poly(allylamine hydrochloride)

(PAH) which is a polycation; and D) poly(diallyldimethylammonium chloride)

(PDADMAC) which is a polycation.

2.1.4 Polyelectrolytes at the interface

When a polyelectrolyte solution comes into contact with an oppositely charged surface, vari-

ous factors influence their interaction. Physicochemical parameters, including ionic strength,

pH, and temperature, can all impact the solubility of the polyelectrolyte.40,41 Changes in these

parameters can modify the interactions between the polyelectrolyte solution and the solid

surface, thereby affecting the balance of electrostatic and other intermolecular interactions

within the solution.42 Other factors which affect the control of the adsorption of polyelec-

trolytes onto opposing charge surfaces are the concentration of the polymer solution, the

flexibility of the polymer chain and the weight of the polyelectrolyte; these parameters are

controlled by the chemical nature of the polyelectrolyte.43 Thus, it is essential to understand

the factors which affect the performance of the polyelectrolyte as they need to be taken into

21



Polymer Structure in Solution and at Surfaces and Interfaces

account when designing polyelectrolyte solutions with controlled structures. These can affect

the deposition process of the polyelectrolyte solution onto the solid surface which in turn

affects the ionic equilibrium of the polyelectrolyte solution.16,44

Hernández-Rivas et al.16 provided an in-depth examination of the complex behaviour of

polycation deposition on negatively charged surfaces, with a focus on the influence of fac-

tors such as polymer cationicity, ionic strength, and the presence of an anionic surfactant.

Key findings indicate that the cationicity, or charge density, of the polycation, is a critical

determinant of the thickness and structure of the adsorbed layers. For instance, polycations

with higher charge density, such as poly(diallyldimethylammonium chloride) (PDADMAC)

(shown on the right of Figure 2.5), tend to adopt a more extended conformation upon ad-

sorption, leading to the formation of thinner, denser layers. In contrast, polycations with

lower charge density, such as the pH-sensitive chitosan (CHI) (shown on the left of Figure

2.5), form thicker, more hydrated layers due to their coiled conformation, which permits

greater water incorporation. The study underscores the significant effect of solution pH on

the charge density of CHI, resulting in thinner layers at lower pH levels due to increased

protonation—a sensitivity less pronounced in strong polyelectrolytes like PDADMAC.16

Ionic strength also plays a pivotal role in determining the conformation of polyelectrolyte

chains. At higher ionic strengths, reduced electrostatic repulsion between polymer chains

causes them to assume a more coiled conformation, resulting in thicker, more diffuse layers

with increased water content. Conversely, at lower ionic strengths, polycations tend to adsorb

more extended due to stronger electrostatic interactions with the surface, forming thinner,

denser layers. This relationship enables controlled manipulation of polymer adsorption and

layer structure by adjusting the ionic strength, thereby allowing for the tailoring of surface

properties as needed.16

The study also explored the impact of Sodium Laureth Sulfate (SLES), an anionic surfactant,

on polycation deposition. The presence of SLES introduces a competitive dynamic between
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the surfactant and the polycation for surface adsorption, leading to the formation of mixed

layers. Depending on the surfactant concentration and the specific polymer used, SLES

can either enhance or inhibit polycation deposition. At certain concentrations, SLES can

promote polycation adsorption by neutralising part of the surface charge, leading to a more

compact layer. However, at higher concentrations, SLES can induce desorption or prevent

further polycation adsorption, resulting in thinner layers. These results highlight the intricate

interplay between polycations and surfactants in surface modification.16

Figure 2.5: Molecular structure of Chitosan (CHI) (left) and Poly

(diallyldimethylammoniumchloride) (PDADMAC) (right).

Polymer adsorption inherently involves a change in conformation, typically described by the

loop-train-tail model, as illustrated in Figure 2.6. In this model, trains are segments in direct

contact with the surface, loops are segments near the surface but not in direct contact, and

tails are the non-adsorbed ends of the polymer chains. While the tail segments may represent

a small fraction of the total polymer segments, they play a crucial role in determining the

hydrodynamic layer thickness of the adsorbed polymer.45

The adsorption of polyelectrolytes onto surfaces is a fundamental method for surface mod-

ification. Typically, polyelectrolytes adsorb onto surfaces with an opposite charge, often

adopting a flat conformation. The amount of polyelectrolyte adsorbed can be influenced

by the ionic strength of the solution, though this relationship is complex. At lower ionic
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strengths, increased ionic strength can enhance adsorption by reducing repulsive interac-

tions. However, at higher ionic strengths, the screening of electrostatic forces may reduce

the amount of polymer that adsorbs. The conformation of adsorbed polyelectrolytes and

polymers in general can be described by the loop-train-tail model.45 Figure 2.6 presents a

schematic representation of an adsorbed polyelectrolyte molecule, illustrating the segments

that form loops, trains, and tails.

Figure 2.6: Polymer chain adsorbed at the surface consisting of tail, loop and train model.

2.1.5 pH and Temperature

Weak polyelectrolytes are employed in polyelectrolyte multilayers (PEMUs) due to their

ability to alter properties by changing the ionisation of functional groups through pH ad-

justments. The mechanical properties, thickness, and molecular organisation of the film

were influenced by this interaction.46 For example, Rubner et al.47 demonstrated that the

wettability of weak PEMUs composed of poly(acrylic acid) (PAA) and PAH could be signif-

icantly modified by tuning the pH of the polyelectrolyte solutions. This stimuli-responsive

behaviour could also trigger film dissolution, particularly in PEMUs containing -COOH func-

tional groups that participated in hydrogen bonding during multilayer formation. At high

pH, carboxylic acids were fully deprotonated, disrupting hydrogen bonds and leading to film

disassembly.48
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Typically, when the polyelectrolyte pair was fully ionised, intrinsic sites dominated, resulting

in thinner films. However, when both polyelectrolytes were partially ionised, thicker, gel-

like films were produced. These properties of ionisable polyelectrolytes were utilised in

applications such as microcapsules for drug delivery systems.49–51 For instance, Mendelsohn

et al.52 created a series of PEMUs with varying chemical architectures by adjusting the pH

to study cell behaviour on cytophobic and cytophilic coatings.

While ionic strength and ionisation of the films played significant roles in multilayer forma-

tion, temperature also had a noticeable impact. PEMUs assembled at high temperatures

were rougher and thicker than those built at room temperature.42,53 In a diffusion study,

Salomäki et al.54 proposed that the increased overall film thickness at higher temperatures

was due to enhanced polymer diffusion throughout the film during the buildup process.

2.2 Surface Science

2.2.1 Surface Adsorption Kinetics

Aneta et al. investigated the adsorption kinetics of poly(diallyldimethylammonium chlo-

ride) (PDADMAC) on solid surfaces using advanced techniques, including Quartz Crystal

Microbalance with Dissipation (QCM-D) and streaming potential measurements. These

methodologies facilitated a detailed analysis of the interactions between PDADMAC molecules

and surfaces such as mica and silica, with a particular focus on the adsorption and desorp-

tion processes. The results suggested that the adsorption behaviour of PDADMAC is well-

described by the Langmuir isotherm model, providing valuable insights into the mechanisms

through which this polymer adheres to various substrates.55

The Langmuir isotherm model assumes adsorption occurs on a uniform surface with a finite

number of identical binding sites, leading to monolayer formation without interactions be-
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tween adsorbed molecules. The study found that PDADMAC’s adsorption kinetics closely

align with this model, especially under controlled conditions where surface saturation is

achieved. Initially, there is a rapid adsorption phase driven by the bulk transport of PDAD-

MAC molecules to the surface, which quickly occupies available adsorption sites. As the sur-

face becomes increasingly occupied, the adsorption rate slows, eventually reaching a plateau

indicative of monolayer coverage. This behaviour is characteristic of the Langmuir isotherm,

where equilibrium is achieved due to the limited number of adsorption sites.55

Mechanistically, PDADMAC adsorption begins rapidly due to the high availability of un-

occupied surface sites and PDADMAC molecules in the solution. This phase is primarily

governed by electrostatic interactions between the positively charged PDADMAC and the

negatively charged substrate surface. As adsorption proceeds and fewer sites remain avail-

able, the process slows down, largely due to surface-blocking effects. Desorption was anal-

ysed by monitoring changes in the zeta potential over time, demonstrating that desorption

is quantifiable and suggesting that PDADMAC-substrate interactions are reversible under

specific conditions.55

The study highlighted the kinetic behaviour of PDADMAC adsorption, which follows a two-

stage process: an initial rapid adsorption phase followed by a slower phase influenced by

surface blocking. The rapid phase is characterised by the swift occupation of available sites,

while the slower phase emerges as the surface approaches saturation. The Random Sequential

Adsorption (RSA) model was identified as a useful framework for understanding this slower

phase. As more adsorption sites are occupied, further adsorption is impeded, leading to

a reduced rate of adsorption and eventually a plateau, consistent with Langmuir isotherm

predictions and further validating the model’s applicability to PDADMAC adsorption.55

The study demonstrated that PDADMAC adsorption on solid substrates is a complex process

influenced by electrostatic interactions, the availability of surface sites, and surface-blocking

effects. The findings confirm that the Langmuir isotherm model provides a suitable frame-
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work for describing PDADMAC adsorption under conditions favouring monolayer formation.

This understanding offers valuable insights into the potential applications of PDADMAC in

surface modification and coating technologies. Future research could focus on refining these

models to incorporate more complex interactions, such as hydration effects and the role of

multivalent ions, to better predict PDADMAC behaviour in practical applications.55

2.2.2 Surface Adhesion

A viscoelastic material is a material that has both viscous and elastic properties; these types

of materials are common, for example, dough or paint.56,57 When a material comes into

contact with a substrate surface adhesion can be reduced according to the Girifalco and

Good equation, shown in equation 2.4.

Wa = 2R
√
γ13 × γ23 (2.4)

Here Wa is the work of adhesion (J/m2), R is the surface roughness specified as the ratio

between the projected and apparent surface areas of the solid substrate, phases 1,2 & 3 define

the solid substrate, viscoelastic solid and air, respectively, and the i-j interface is known as

the interfacial energy which is represented as γij. Reducing the value of Wa can be achieved

in two ways, either by physically decreasing the surface roughness (R) of the substrate or by

chemically decreasing the interfacial energies of the viscoelastic solid-air interface and the

solid-air interface.5 The latter is the method studied throughout this research project.

Wang et al.5 developed a non-fouling coating known as liquid-entrenched smooth surface

(LESS), aimed at reducing fouling. They achieved this by using a nanoscopically smooth

solid substrate (R ≈ 1). Roughness on surfaces typically increases the contact area, leading

to higher adhesion between materials.5 For viscoelastic materials, a critical storage modulus

value of 0.3 MPa is observed, below which the material conforms closely to surface roughness,
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regardless of applied pressure.58

Wang et al. found that increasing surface roughness also increased the adhesion of viscoelastic

solids such as faecal matter, with measured roughness ranging from 0.87 ± 0.06 nm to 4.12

± 0.26 µm.5 Therefore, smoother substrate surfaces can effectively reduce the adhesion of

viscoelastic solids.

Wang et al.5 designed a liquid-entrenched smooth surface (LESS) non-fouling coating, to

reduce Wa via the physical process of a nanoscopically smooth solid substrate was utilised

of approximately 1 (R = 1). The presence of roughness increases the contact area of the

two surfaces resulting in an increase in adhesion between the two.5 0.3 MPa is known as the

critical value for a storage modulus of an adherent material, when a material has a value

lower than this the adherent material runs and forms a conformal contact along the surface

roughness of the adherent, irrespective of the applied pressure.58 Wang et al stated that

their adhesion measurements confirmed that as the surface roughness increases the adhesion

of the viscoelastic solids also increased, their average roughness results were from 0.87 ±

0.06 nm to 4.12 ± 0.26 µm.5 Thus, it can be said that a smooth substrate surface aids with

decreasing the adhesion of the viscoelastic solids to the surface.

Decreasing water contact angle can also be achieved by applying a low surface energy coating

on a smooth solid surface. This coating reduces the interfacial adhesion between the solid

substrate and air. Alternatively, adding a lubricant that can be absorbed by the viscoelastic

material and forms a lubricant layer on the surface reduces the interfacial adhesion between

the viscoelastic solid and air. Wang et al. suggested that both types of interfacial adhesion

can be simultaneously reduced by applying a stable lubricant layer between the viscoelastic

material and the substrate of choice.5
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2.3 Anti-fouling properties of polymers

Biomedical devices made of polymeric materials have a long history and include heart valves,

catheters, ophthalmic devices, and other implanted devices. For all these devices, however,

the operation is limited due to the buildup of biological deposits on the surfaces of these

devices, including platelet deposition, bacterial adhesion, and protein and lipid adsorption.

These results of deposition range from inconveniences such as contact lens fouling to poten-

tially fatal hazards like thrombosis in patients.59–62 Despite abundant research on creating

materials that resist protein adsorption, thrombosis remains a major issue with artificial

implants.63,64 Thus, understanding how proteins adsorbed onto surfaces has been crucial for

developing new biomaterials compatible with human tissue.

Surface modification has been the most common method to reduce protein adsorption.65,66

The primary objective is to increase or alter the hydrophilicity of surfaces. Hydrophilic sur-

faces made from water-soluble polymers have been preferred in biomaterial applications due

both to their similarity to living matter and their ability to reduce interfacial tension, which

might decrease protein adsorption and subsequent cell adhesion. The aim has been to tailor

the chemical composition of the material interface such that the adhesion is reduced.67,68

Surface chemistries that resist protein adsorption are thus valuable in various fields, for

example in minimising nonspecific protein adsorption in biosensors and enhancing the bio-

compatibility of materials.69

The nonspecific adsorption of proteins to surfaces is influenced by both enthalpic and entropic

factors. Enthalpic factors include electrostatic, hydrophobic, and Van der Waals interactions

which create bonding between polymer and surface. Electrostatic interactions involve the

attraction of oppositely charged species and the repulsion of similarly charged ones; this is a

primary focus of this project in trying to develop species that resist adhesion. Hydrophobic

interactions occur when hydrophobic regions, such as those in the protein core, attract other
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hydrophobic species in a hydrophilic solvent. This reduces the number of ordered solvent

molecules and minimises entropy loss.70 On hydrophobic surfaces, proteins tend to adsorb

by exposing their hydrophobic core. Van der Waals interactions result from induced dipole

moments between otherwise uncharged species.

Processes driven by entropy that favour protein adsorption work by decreasing the system’s

overall order. Water molecules or ions surrounding proteins and surfaces have lower entropy

than those in the bulk solution. When a protein adsorbs onto a surface, the disruption of

these ordered layers results in an entropy gain.70 Rearrangements in the polymer film and

changes in protein conformation, leading to a more flexible structure, also promote protein

adsorption due to increased entropy. For example Polyethylene glycol (PEG) resists protein

adsorption largely because of its highly flexible conformation in solution, making it less

entropically unfavourable for the protein to associate with protein surfaces creating local

order.71

Another consideration on how proteins adsorb onto surfaces involves the characteristics of the

protein under study. Proteins exhibit various structural properties, including size and chain

flexibility. Small, rigid proteins primarily interact via electrostatic interactions, whereas

larger, flexible proteins necessitate consideration of conformational changes and hydrophobic

interactions.72

To prevent protein buildup on surfaces, PEG-based coatings are commonly used. For ex-

ample, Prime and Whitesides developed self-assembled monolayers (SAMs) consisting of

oligo(ethylene oxide) groups that effectively repel proteins. These SAMs were generated

from thiols, such as HS(CH3)10CH3 and HS(CH3)11(OCH2CH2)nOH. The researchers anal-

ysed the extent of protein adsorption on these SAMs. Prime et al.73 discovered that SAMs

of alkanethiolates with two ethylene oxide groups exhibited significant protein-resistant

properties.73
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PEG can be applied to surfaces to repel proteins, Jeon et al.74 found that when a protein

comes into contact with the substrate, the PEG chains move closer together, generating

a repulsive elastic force. They also concluded that increasing the density of grafted PEG

chains on the surface enhances its protein-repellent properties. Jeon and Andrade further

modelled proteins as finite spherical particles and discovered that longer PEG chains at a

given surface density result in higher protein resistance.74 Additionally, Prime and Whitesides

created mixed SAMs to develop surfaces with high protein resistance, as mentioned earlier.73

Prime et al. discovered that the advantage of utilising longer polymer chains is their ability

to cover the surface more efficiently. However, one disadvantage of the grafting technique,

compared to self-assembled monolayers (SAMs), is its inability to incorporate a larger number

of chains per unit surface area. By using the SAMs technique, more effective surface coverage

is achieved, even with shorter chain lengths.73

2.3.1 Hydrophobicity and Charge Separation in

Zwitterionic Peptides for Antifouling

Li et al.61 examined the role of hydrophobicity and charge separation in modulating the

antifouling properties of zwitterionic peptides through the incorporation of neutral amino

acid spacers. Specifically, the research focused on peptides composed of repeating lysine (K)

and glutamic acid (E) units, where spacers such as serine (Ser), glycine (Gly), and leucine

(Leu) were strategically introduced between K and E residues. The primary objective of

the study was to assess how these spacers influence the structural organisation of peptide

monolayers and their effectiveness in resisting protein fouling.61

The research methodology employed a combination of Surface Plasma Resonance (SPR),

Atomic Force Microscopy (AFM), Surface Force Apparatus (SFA), and all-atom molecular

dynamics (MD) simulations to characterise the peptide-modified surfaces. SPR was partic-
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ularly instrumental in monitoring the real-time assembly of the peptides on gold surfaces.

The findings revealed that peptides containing glycine spacers (KGEG) achieved the high-

est grafting density, likely due to the flexibility of glycine, which facilitated denser surface

packing. Conversely, peptides with leucine spacers (KLEL) exhibited the lowest grafting

density, a result attributed to leucine’s hydrophobic nature, which may have restricted pep-

tide mobility during surface assembly. Contact angle measurements further demonstrated a

decrease in the hydrophilicity of peptide monolayers in the order of Ser > Gly > Leu, with

corresponding contact angles increasing from 13.2◦ for Ser-containing peptides to 47.7◦ for

Leu-containing peptides. This trend is consistent with the intrinsic hydrophobicity of the

spacers, where Ser, being polar, contributes to a more hydrophilic surface, while Leu, with

its non-polar side chain, enhances surface hydrophobicity.61

The antifouling performance of these surfaces was assessed using lysozyme and bovine serum

albumin (BSA) as model proteins. SPR data indicated that Ser-containing peptides exhibited

superior antifouling performance, with significantly reduced protein adsorption compared to

the control peptide (KE10) that lacked spacers. In contrast, the more hydrophobic Leu-

containing peptides displayed a higher propensity for protein adsorption, likely due to a

diminished hydration layer resulting from hydrophobic interactions. AFM analysis supported

these observations, indicating that the peptides were uniformly tethered to the gold surface,

with surface roughness values ranging from 0.5 nm to 0.8 nm. This uniformity suggests that

the differences in antifouling performance were predominantly influenced by the chemical

properties of the spacers rather than by variations in surface structure.61

SFA measurements further demonstrated that hydrophobic spacers, such as Leu, enhanced

the adhesion between the peptide monolayer and lysozyme, especially in peptides with Leu

spacers. MD simulations corroborated these findings, showing that Ser-containing peptides

maintained a well-hydrated, antifouling surface, while Leu-containing peptides led to dehy-

dration and increased protein adhesion. The study concluded that the antifouling efficacy of

zwitterionic peptides is closely linked to the hydration layer formed by zwitterionic groups.
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Hydrophilic spacers like Ser enhance this hydration layer, thereby improving antifouling prop-

erties, whereas hydrophobic spacers like Leu reduce the hydration layer, thereby diminishing

antifouling performance.61

2.3.2 Polyzwitterions as Anti-fouling Interface

Another alternative to PEG for surface modification is the use of zwitterionic polymers.

Polyzwitterions (PZs) garnered special interest for applications such as biocompatible sur-

faces and improving the efficiency of antifouling coatings.75–80 The use of polyzwitterions like

phosphobetaine phosphorylcholines (PC) as antifouling surface modifiers was inspired by the

antifouling characteristics of cell surface phospholipids.81 Various studies demonstrated the

reduction of protein adsorption onto surfaces using materials with PC head groups, such as

phosphatidylcholine.

It was believed that protein resistance was achieved through the generation of steric exclusion

effects that formed a hydration layer via interactions with water,82 and the virtually neutral

net charge of the PC reduced long-range electrostatic attraction between proteins and the

surface.83–86 Poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) is one of the most

commonly used PCs to date. This polyzwitterion had a large volume of free water fraction

around its coil chain, which inhibited non-specific protein adsorption.87,88 Research involving

PCs explored various areas, from synthesising PC-terminated thiols to preparing pure self-

assembled monolayers (SAMs) on gold surfaces to reduce protein adsorption,83,84 as well as

incorporating PC groups into polymers to attach them onto polymer surfaces.88

Additionally, polysulfobetaines and polycarboxybetaines, such as poly(sulfobetaine methacry-

late) (PSBMA) and poly(carboxybetaine methacrylate) (PCBMA), have been studied for

their protein-resistant properties. These polymers could be grafted onto surfaces or in-

corporated into other platforms like hydrogels or polyelectrolyte multilayers.89–94 PSBMA

33



Polymer Structure in Solution and at Surfaces and Interfaces

brushes showed resilience against non-specific adsorption of fibrinogen even under high salt

concentration and pH conditions.95 Ladd et al.96 compared the antifouling properties of

different polymer brush coatings—PSBMA, PCBMA, poly(PEG-co-MEMA) brushes, and

PEG—finding that PCBMA coating was the most effective at preventing non-specific pro-

tein adsorption.

A comparison of the antifouling properties of PSBMA and PCBMA brushes underscores

the significance of the spacing between positive and negative charges within the zwitterionic

units for the antifouling effectiveness of the brush coating.97 This study demonstrated that

closer proximity of the charged groups enhances the hydration layer, making CBMA an

excellent candidate for repelling proteins.

Figure 2.10 illustrates the structures of the most commonly used polyzwitterions to reduce

adhesion applications. Polyzwitterions are categorised into three types: (A) Sulfobetaine

(SB), (B) Carboxybetaine (CB), and (C) Phosphobetaine (PB).
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Figure 2.7: Zwitterionic polymers used for protein reduction applications included: A.

Sulfobetaine (SB): Poly(3-[N-(2-methylacryloylethyl)-N,N-dimethylammonio]

propanesulfonate) (PMAPS), poly(sulfobetaine methacrylate) (PSBMA), and

poly(3-[2-(acrylamido)-ethyl dimethylammonio]propanesulfonate) (PAEDAPS); B.

Carboxybetaine (CB): Poly(carboxybetaine methacrylate) (PCBMA); C. Phosphobetaine

(PB): Poly(2-methacryloyloxylethyl phosphorylcholine) (PMPC).

2.4 Conclusions

Critical parameters in polymer chemistry have been briefly reviewed, highlighting the im-

portance of modifying interfacial behaviour through polymer adhesion. The effectiveness of

adhesion is determined by the chemical nature of the polymer, as well as the conditions of

the bulk fluid and the interface. Changes in the chemistry and structure of the polymer

can lead to variations in adhesion properties. For instance, block copolymers, where one
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segment adheres to the surface while the other extends into the liquid, can serve as barriers

to further adhesion. Consequently, the primary objective is to identify suitable copolymers

demonstrating these characteristics. The remainder of this thesis will focus on examining the

quantities of copolymer adsorption, the kinetics of adsorption, and their effects on interfacial

properties and adhesion.

In Chapter 4, the block copolymers used were varying ratios of polyethylene oxide (PEO)

and poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA). Throughout Chapter 4, this

block copolymer is referred to as PEO-b-PDMAEMA. The ratios used were 5.0-b-2.5, 5.0-b-

5.6, and 5.0-b-12.0. For more detailed information, see Chapter 4, Section 4.1.1.

In Chapters 5 and 6, the random copolymers utilised were poly[2-(dimethylamino)ethyl

methacrylate] (PDMAEMA), and poly[2-(methacryloyloxy)ethyl trimethylammonium chlo-

ride] (PMAETAC) which are both polycations, the former consists of a permanent positive

charge whilst the latter does not. The polyanion used was polyacrylic acid (PAA). Further

information can be found in Chapter 5, Table 5.2.
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Chapter Three

Methodology

This chapter outlines the methodology employed in the doctoral project. The aim of the

chapter is to provide a detailed explanation of how the experiments were conducted and

the rationale behind each method. In brief, the Quartz Crystal Microbalance (QCM) was

utilised to monitor the real-time adsorption and desorption of molecules. Atomic Force

Microscopy (AFM) was employed to measure film thickness and adhesion. Dynamic Light

Scattering (DLS) was utilised to assess particle size and polymer solution charge. Contact

angle measurements were conducted to determine the surface energy of the deposited polymer

on various substrates. The FLuSHT test apparatus was constructed to observe polymer

response to synthetic faeces in a real-world scenario, bridging the gap between microscopic

and macroscopic testing. Lastly, the force board test was employed to gauge the force

necessary to detach the coated glazed ceramic tile from the synthetic faeces. Chapter 3

describes the methodology of the instruments used in this project, elucidating the principles,

data interpretation, limitations, and experimental setup of each instrument.
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3.1 Quartz Crystal Microbalance - Dissipation (QCM-D)

The Quartz Crystal Microbalance (QCM) and its variations, such as the Quartz Crystal

Microbalance with Dissipation monitoring (QCM-D), are advanced technologies that provide

real-time, surface-sensitive detection of minute changes in mass at the sensor surface with

nanoscale precision. Essentially, these devices operate as highly sensitive scales for detecting

small masses in the nanogram range, where interactions between molecules and the surface

are observed as alterations in mass, either through the absorption or release of molecules.

In addition to providing information on changes in mass, QCM can also offer insights into

the viscoelastic properties of the system under investigation. It can give information about

structural changes, such as cross-linking, swelling, and collapsing of the molecular layer at

the sensor surface.98,99. QCM is an instrument that holds promise in forecasting fouling at

larger scales.62

3.1.1 Principle

The principles underlying QCM-D are based on the piezoelectric effect exhibited by quartz

crystals.62,100 Certain materials possess a property known as piezoelectricity, in which ex-

posure to mechanical stress induces the generation of an electric charge. When subjected

to a supplied voltage, a quartz crystal vibrates at a specific frequency. Factors such as the

crystal’s shape and thickness influence its vibrational frequency.101 QCM-D offers real-time

measurement of structural, viscoelastic properties, and mass changes with nano-sensitivity.

The quartz crystal oscillates at its resonant frequency, and alterations in frequency corre-

spond to mass changes occurring at the surface. When molecules adsorb onto the surface,

there is a decrease in frequency resulting in an increase in mass, as described by the Sauerbrey

equation in section 3.1.2. In addition to providing insights into the viscoelastic properties,

such as the adsorbed layer’s shear modulus and hydrodynamic thickness, QCM-D enables
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the determination of the rigidity and mass of the adsorbed layer.98

Structural properties can be assessed through changes in dissipation (damping) of the os-

cillating crystal. Adding mass changes the weight of the system and thus the resonant

frequency which is the inverse of dissipation. Figure 3.1 shows a schematic diagram of a

typical result. It illustrates that in step A, molecules have been introduced into the system

and are beginning to deposit onto the sensor surface, resulting in a decrease in frequency

as the molecules adsorb. Stage B shows that the molecules have completely covered the

sensor, resulting in an equilibrium of the change in frequency; there is no further change in

frequency at this step. Lastly, stage C shows that molecules weakly bound to the surface are

removed during the final rinse giving the quantitative final mass adsorbed onto the sensor.

Further details are discussed in section 3.1.4.

At the core of the technology is an oscillating unit comprising a slender quartz crystal

disk equipped with electrodes on both surfaces. When a voltage is applied, the crystal

vibrates, and its frequency correlates with its mass. Variations in thickness induce shifts in

resonance frequency, enabling the detection of subtle changes in mass, such as the adsorption

or removal of molecules, as illustrated in Figure 3.1 Stage C. In addition to tracking frequency

alterations (∆f), QCM-D also evaluates dissipation (∆D), providing valuable insights into

energy dissipation, particularly useful for examining the properties of soft layers.
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Figure 3.1: Schematic representation of a basic QCM output curve, Stage A is deposition,

Stage B is adsorption and Stage C is desorption. Figure 3.1 (a) shows the molecular process

occurring, whilst Figure 3.1 (b) shows the changes in factors measured by the QCM.

3.1.2 Data Interpretation

Günther Sauerbrey discovered in 1959 the direct relationship between frequency response

and deposited mass, laying the fundamental basis for QCM methodology. The Sauerbrey

equation, depicted below as Equation 3.1, articulates a linear relationship between frequency

change and mass change.102 The mass of the deposited layer undergoes alteration through

the adsorption or desorption of molecules onto the QCM sensor, thereby inducing changes
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in the crystal’s vibration frequency.99 Consequently, the frequency change can be utilised to

gauge the change in mass of the deposited material; in

∆m = −CQCM ·∆f

n
(3.1)

Where ∆m is expressed in ng · cm−2 as the change in mass density on the sensor surface.

The mass sensitivity constant, CQCM indicates the amount of material (in ng) per cm² of

the sensor required to shift the resonance frequency by 1 Hz. A low value of C indicates

higher mass sensitivity, which is determined solely by the fundamental resonant frequency

of the crystal. CQCM in this study is 17.7 ng · cm−2 Hz−1 at an oscillation frequency of

5 MHz. Throughout this study, the sensor used was silicon dioxide as it has a chemistry

closely related to the surface of a glazed ceramic tile. ∆f is expressed in Hz as the change

in frequency on the sensor surface. Here, n represents the odd overtone number.98 The

crystal resonates at different harmonics (n), predominantly odd ones (n = 1, 3, 5, etc.), in

the thickness-shear mode for AT-cut QCM crystals.103 The fundamental frequency (n = 1)

establishes the baseline, while higher-order resonances (n = 3, 5, 7, etc.) are overtones.62 Each

harmonic offers unique insights into the studied system, enhancing QCM data interpretation.

Throughout the QCM analysis, overtone 9 was taken as it was consistent throughout all

measurements.104

3.1.3 Limitations of the QCM Method

QCM-D is a highly sensitive technique that measures mass changes in nanograms per square

centimetre. It cannot detect mass changes below or above this measurement unit. Thus,

it was not possible to use it to measure mass changes beyond its detection limits, which

could be a barrier for some applications. The detection limit for QCM was 0.1 Hz. The

Sauerbrey equation is only valid for rigid films; deviations from the Sauerbrey equation can
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occur due to the viscoelastic properties of the deposited material. For example, certain

biomolecular films could deposit in a non-rigid manner. When this occurs, the Voigt model

can be used to analyse the change in mass deposited onto the sensor surface.105 Furthermore,

the heterogeneity of the sensor’s surface can introduce errors in the data. As QCM-D assesses

the viscoelastic and mass properties of the adsorbed material on the sensor, it is susceptible

to variations in the surface properties of the sensor.99 Another constraint of QCM-D is its

susceptibility to environmental factors such as ambient noise, temperature variations, and

humidity levels, which can impact data quality. Before each measurement, a meticulous

cleaning protocol must be executed, detailed in section 3.1.5. Despite thorough cleaning

procedures, the inherent sensitivity of QCM-D means that even minute contaminants can

significantly influence measurement accuracy.

3.1.4 Experimental Setup

The QCM process was conducted utilising an X4 Advanced Multichannel QCM-D system

(from AWSensors Scientific Technologies, Spain). Following the equilibration of the system

with deionised water, the polymer solution was passed through the cell at a flow rate of

54.56 µL/min. Figure 3.2 depicts the setup of the AWS QCM instrument and the direction

of flow. The peristaltic pump (Masterflex Ismatec UK), labelled in the image of Figure 3.2,

pulls the liquid through the system, with the direction of flow from left to right. Figure 3.3

provides a detailed view of the interior of a chamber within the cell, highlighting the lid, the

base, and the sensor.
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Figure 3.2: QCM instrument setup.

Figure 3.3: QCM 5 MHz 14 mm Cr/Au/SiO2 sensor setup and chamber.

Subsequently, once the frequency signal stabilised, as indicated by reaching a plateau with a

change of ± 1Hz, deionised water was flushed through the cell to remove weakly adsorbed

polymers. The difference in frequency was then measured, and the mass was deduced from

the frequency versus time plot. Each sample condition was repeated for a minimum of four

runs to ensure the reliability and repeatability of the results. More information on how the

data is obtained can be found in section 3.1.6.
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Two measurement protocols were employed throughout this research. The first involved

running deionised water, polymer, and then deionised water over the sensor, while the second

included the same steps with two additional ones: Bovine Serum Albumin (BSA) followed

by deionised water, aiming to investigate the fouling properties of the polymer in question.

In the results chapters, when discussing QCM data, it will be indicated which protocol was

followed for each dataset.

3.1.5 Cleaning Methodology: preparation of equipment

The sensors utilised throughout this project were QCM 5 MHz 14 mm Cr/Au/SiO2 sensors

obtained from Quartz Pro (Sweden). Before each use, the sensors underwent cleaning using

the following method:

1. Place sensors in 2% sodium dodecyl sulfate (SDS) solution for 15 minutes.

2. Rinse sensors with deionised water

3. Place sensors in Isopropyl alcohol (IPA) solution for 15 minutes

4. Dry with Nitrogen gas

5. Place in UV box for 10 minutes

6. Rinse with IPA

7. Dry with Nitrogen gas

The lids to the QCM chambers required cleaning before each measurement. The procedure

used is as follows;
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1. Place lids in 2% SDS for 15 minutes

2. Rinse with deionised water

3. Place lids in IPA solution for 15 minutes

4. Dry with compressed air

Given the QCM’s extreme sensitivity, operating at a nanogram scale, thorough cleaning of

the tubing was imperative. Two types of tubing were employed during the measurements:

Ismatec Pump Tubing, 2-Stop, Tygon® S3™ E-LFL, 1.52 mm ID (12/PK) and Masterflex

Transfer Tubing, PTFE, 1/32" ID x 1/16 " OD (25 ft). The cleaning procedure is outlined

as follows:

1. Place the tubing in 2% SDS solution and sonicate for 15 minutes

2. Rinse with deionised water

3. Sonicate in deionised water for 15 minutes

4. Dry tubing with compressed air.

3.1.6 Data Analysis

Figure 3.4 illustrates a frequency versus time plot typically obtained from the QCM mea-

surement, with mass adsorbed on the secondary y-axis. Step 1, labelled in the image below,

depicts the baseline starting at zero, serving as the data analysis reference point. To deter-

mine the mass adsorbed from the measurement, the mass at point 1 is subtracted from the

mass at point 2. This calculation provided the amount of mass adsorbed for the polymer

under investigation. To assess the remaining mass adsorbed on the sensor after the final

wash, the mass at point 3 is subtracted from the mass at point 2. The material was injected
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at point A and built on the sensor until equilibrium was reached (stage 2). Water replaced

the polymer in the flow at point B, reaching further equilibrium in stage 3. It was important

to note that the system had to be equilibrated for each data point to obtain the mass ad-

sorbed, ensuring consistency and accuracy in the results. There is no definitive duration for

each experiment, as the system requires equilibration, which varies depending on the various

polymer solutions investigated throughout this research project.

Figure 3.4: Frequency vs time plot with mass adsorbed (obtained from the Saurbrey

equation) on the secondary y-axis.

It is also important to obtain the adsorption kinetics from the QCM measurements. This is

achieved by fitting the data obtained to the Langmuir adsorption isotherm, allowing us to

derive first-order adsorption kinetics data. The slope highlighted in Figure 3.5, referred to as

"Climb," represents the initial part of the adsorption process. The data fitted to Equation

3.2 as described by Liu et al.106 First-order kinetics provides data on how fast the polymer

molecules reach the silicon dioxide surface.
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Figure 3.5: Illustrates a) Change in mass adsorbed in ng per cm² vs time in seconds which

can then be converted to plot b)log vs time plot using the first-order Langmuir isotherm

equation.

The first-order Langmuir isotherm equation is given by:

log10(Qe −Qt) = log10(Qe)−
2.303×Kads

t
(3.2)

Where:

Qe = is the maximum mass adsorbed in ng

Qt = is the mass adsorbed at time t in ng

Kads = is the first-order adsorption kinetics in s−1

t = t is the time in seconds

Fitting the initial adsorption data to Equation 3.2 gives first-order adsorption kinetics, ob-

tained from the gradient of the log10(Qe −Qt) versus 1/t plot, as depicted in Figure 3.5 (b).

Worked examples are shown in Chapter 4 section 4.1.
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3.2 Atomic Force Microscopy

Binning, Quate and Gerber published a paper titled ’Atomic Force Microscopy’ in 1986.107

The idea originated from previous experiments on electron tunnelling, while the notion of

utilising AFM for generating high-resolution images was inspired by the development of the

Scanning Tunneling Microscope (STM).107,108

AFM has various modes known as ’spectroscopic’ modes, these measure other properties

of the sample at the nanometer scale. In these modes, AFM can be used as a multi-

interdisciplinary tool to deliver quantitative high-resolution images, with great flexibility

in the sample that can be studied. This versatility enables AFM to serve as a multidis-

ciplinary tool, providing quantitative high-resolution images and offering flexibility in the

types of samples that can be studied.

3.2.1 Principle

An AFM differs from typical optical or electron microscopes, as it does not form images by

focusing light or electrons onto a surface. Instead, an AFM physically "feels" the sample

surface using a small tip on a cantilever spring, as depicted in Figure 3.6. The cantilever is

on the order of ten to hundreds of micrometres long, width of twenty to fifty micrometres

and has a thickness between 0.4 and several micrometres109 and can be moved on and over

a surface, to construct an image of the sample surface height.107,110 AFM allows observing

materials at the nanoscale level.
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Figure 3.6: Schematic diagram of an atomic force microscopy unit.110

An AFM comprises a Z scanner that moves the cantilever up and down, an XY scanner that

moves the sample back and forth underneath the cantilever, both of which can move several

millimetres or greater, and a position detector that records the bending of the cantilever.110

The cantilever can be moved a very small distance, so it can be lowered to nanometers above

the surface. The position sensor operates by tracking a laser beam reflected off the flat top of

the cantilever; any bending in the cantilever induces changes in the direction of the reflected

beam. Subsequently, the position detector tracks and records these beam changes, as shown

in Figure 3.6.
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Figure 3.7: AFM components outside the cell.107

AFM can image the topography of a sample surface by scanning the cantilever over a region

of interest. The raised and lowered features on the sample surface influence the bending of the

cantilever, which is measured by the position detector, see Table 3.1 for more information

on the tip-sample separation. By employing a feedback loop to control the height of the

tip above the surface, AFM can generate an accurate topographic map of the surface data

nanometer scale.107,111

There are two primary methods of AFM imaging: contact and non-contact AFM. In contact

AFM, the cantilever scans across a sample with its tip in direct contact with the sample sur-

face. The strong repulsive forces between the tip and the surface cause the cantilever to bend

as it passes over surface features, measuring the sample surface roughness or topography.

In contrast, non-contact AFM involves oscillating the cantilever at much smaller amplitudes

of 1 to 10 nm in the z-positioning just above the surface during scanning, ensuring that the

tip does not touch the surface. A precise high-speed feedback loop is employed between the

cantilever and the piezoelectric to prevent the cantilever tip from crashing into the surface,

thus maintaining tip sharpness and preserving the sample surface integrity. As the tip nears
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the surface, interactions between the tip and surface result in a reduction of the cantilever’s

oscillation amplitude. A feedback loop then adjusts for these amplitude changes, enabling

the reconstruction of the surface topography at the nanometer scale.111

Non-contact AFM offers several advantages over contact AFM. It preserves the sample sur-

face as the tip and surface do not make direct contact, prolonging the sharpness and lifespan

of the tip and enabling high-quality imaging over multiple scans. Additionally, this approach

reduces the total operating cost of the instrument, as tips are expensive to replace.107,111

AFM can also be utilised to acquire force-distance curves, achieved by bringing the cantilever

into contact with the sample surface by moving closer and then further away from the sample.

From this, the force between the sample surface and the probe tip can be quantified, as

illustrated in Figure 3.7. Further details can be found in section 3.2.2. Table 3.1 describes

the tip-sample interaction forces acting during force-distance measurements as a function of

the distance.

Table 3.1: Types of Tip-sample separation and measurement in AFM.112

Tip-sample Distance Dominant Forces Typical force range

When the tip is far from the sample

(10 to 100 µm)
No Interaction -

When the tip approaches the sample

(Few µm)

Long-range interactions

Electrostatic Forces
± 1 nN - ± 1 µN

When the tip is close to the sample

(Sub-nm to few nm)

Van der Waals (attractive)

Capillary Forces (in moist air)
-100 nN - + 10 µN

When the tip contacts the sample

(Indentation)

Pauli Interaction (repulsive)

Mechanical Forces
+1 nN - + 10 µN
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3.2.2 Data Interpretation of force-distance curves

Measuring the spring constant and deflection sensitivity of the cantilever is crucial to derive

the relationship between cantilever deflection and piezo movement, which can subsequently

be converted into force versus tip-sample separation measurements, as demonstrated in Fig-

ure 3.7. This information is obtained from the built-in software of the AFM system.

In AFM, the deflection force (F) on the cantilever was determined by its deflection (d)

according to Hooke’s Law shown in equation 3.3:

F = k · d (3.3)

Where k is the spring constant of the cantilever. The spring constant (k) measures the

cantilever’s calibrated stiffness. Deflection refers to the amount of bending in the cantilever,

measured by the AFM system. The AFM measures the cantilever deflection caused by the

interactions between the tip and the sample. This deflection is converted into force using

the spring constant (k). This relationship allows for detailed nanoscale surface analysis by

converting deflection into quantitative force measurements.

Force-distance curves are acquired using AFM, as the cantilever tip makes contact with the

sample surface by approaching and retracting from the sample. The force between the sample

surface and the probe tip can be quantified from these curves. Figure 3.8(a) illustrates a

typical force-distance curve113, where steps 1 - 5 are elucidated sequentially using Figure

3.8(b) to aid in the explanation. The experimental procedures necessary to achieve this are

outlined below:
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Figure 3.8: (a)Force distance curve data representation. Approach and retraction curves

are shown in red and blue, respectively.113 (b) The figure illustrates the tip atoms

interacting with atoms of the sample surface, where the force is measured between the tip

and the surface.
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1. Region A in Figure 3.8. Utilising the piezoelectric scanner the cantilever is brought

close towards the sample surface in a controlled manner at a controlled speed that may vary

between a few nm s−1 and dozens of µm.114 There are no interactions between the tip and

the sample surface at this point, so no force is measured.

2. In region B, long-range interactions such as electrostatic forces can be observed from a

few micrometres away from the tip-sample interaction. As the tip approaches the sample

surface, the cantilever begins to deflect due to attractive forces such as van der Waals forces

in the region of sub-nm to a few nm.115 Section 2.5.1 gives more information on the nature of

these forces. Region B contains the "snap-into-contact" phase. This is primarily induced by

capillary forces under ambient humid conditions, resulting in the formation of a thin layer of

water covering both the tip and sample surfaces. Snap-in occurs when the attractive force

gradient surpasses the spring constant of the cantilever.

3. In region C, as the Z scanner moves closer to the sample surface, the main repulsive

force between the surface and tip gradually grows stronger until it matches a predetermined

maximum force set. Once this setpoint is reached, the Z scanner withdraws the tip from the

sample surface. As the tip nears contact with the sample surface, the cantilever bends to its

maximum extent. The sample is then indented by the cantilever and repulsive forces such

as Pauli interactions occur. The cantilever is then withdrawn.

4. As the distance between the tip and the surface increases, the deflection of the cantilever

starts to decrease. Consequently, the cantilever bends in the opposite direction due to the

attractive force between the surface and the tip, as indicated in point D. The adhesion

between the tip and the surface can then be quantified.

5. The pull-off event occurs in region E, where the cantilever detaches from the surface as

the Z scanner continues to retract, and the spring constant of the cantilever exceeds the

adhesion force between the tip and the sample.
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The information is captured in the form of tip-sample separation distance, enabling the

recording of data detailing the force between the cantilever tip and the sample surface at

each point (A-E). This data is visualised as the force curve depicted in Figure 3.7.

3.2.3 Limitations

The effectiveness of AFM is limited by the sample’s shape, surface properties or size. In

some cases, the AFM tip can be damaged if the sample surface is too sticky, rough or soft,

for example with polymers116, quartz117 or biotin.118 Another disadvantage of the AFM is

that when it comes to imaging the instrument is very slow with experiments taking anywhere

from minutes to hours which can cause issues when the experiment aims to capture dynamic

processes. Other instruments such as optical and scanning electron microscopy would need

to be carried out to overcome this limitation. A further limitation of the AFM tip is that

it can wear down over time, affecting the measurement’s accuracy and reproducibility. If

the tip is not sharp or aligned perfectly with the sample surface this can cause issues when

interpreting the data. It is also difficult to study a large area on a sample as AFM has a

limited field of view commonly in the range of micrometres.107,111

Another limitation of AFM was its impracticality for measuring areas larger than approxi-

mately 100 micrometres. This limitation arose from the need to mechanically scan the probe

over the surface, requiring very slow scanning speeds for large areas. Exceptions to this

included parallel AFMs, which measured small areas with multiple probes to create a large

dataset, and ’fast scanning’ AFMs that could expedite the scanning process.107

3.2.4 Cleaning of Cantilevers

For adhesion force curves to be obtained the cantilever used was a PNP-TR-TL also known

as Pyrex-Nitride AFM Probe – TRiangular AFM - TipLess cantilever at 0.32 Nm-1 spring
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constant and to obtain thickness measurements of the polymers. The cleaning method before

use for the cantilever is listed below:

1. Place cantilevers in ethanol for 2 minutes.

2. Place cantilevers in deionised water for 2 minutes.

3. Dry with nitrogen gas.

4. Place in UV box for 10 minutes.

5. Place cantilevers in ethanol for 2 minutes.

6. Place cantilevers in deionised water for 2 minutes.

7. Dry with Nitrogen gas.

It must be noted that cantilevers that have been functionalised with borosilicate or polystyrene

beads cannot be placed in the UV box as it would degrade the epoxy glue used to attach

the spheres.

3.2.5 Experimental Setup

An atomic force microscope (Dimension 3100, Veeco, UK) with a Nanoscope 4 controller was

used for characterising the materials used throughout this research project. Gold-coated

cantilevers with a nominal spring constant of 5 N m−1 (Tap150 GB-G, Budget Sensors,

Bulgaria) were used to acquire surface morphology. Adhesion force measurements were car-

ried out using a colloidal probe prepared by glueing a borosilicate glass microsphere (Dukes

Standards, Thermo Fisher Scientific, USA) with a diameter of 10 µm onto a tipless silicon

nitride cantilever with a nominal spring constant of 0.08 N m−1 (PNP-TR-TL, Nanoworld,

Switzerland). A two-component epoxy resin was used (Araldite, Switzerland). The prepared
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colloidal probe was left for 24 hours to ensure the adhesive was fully set before use. Adhesion

force measurements were carried out by obtaining 100 force curves from 3 different 1 µm2

areas each curve 100 nm apart in a 10 x 10 grid in liquid. The adhesion force was taken as

the pull-off deflection from the force curves in Figure 3.8 point D.

3.2.6 Data Analysis

Data analysis was carried out using a Python script that allowed all force curves to be

analysed. The Python code enabled each of the 300 force curves to be examined. The

Python script was designed to automatically calculate the adhesion force along with the

standard deviation. The full script is provided in Appendix One, Section A.

3.3 Dynamic Light Scattering (DLS) - Measurement of

Particle Size

DLS was employed as a quality control measurement, primarily for determining the size

and zeta potential of the polymer samples. DLS was conducted to ascertain whether the

samples were undergoing aggregation over time and to assess how pH changes influenced the

size and charge of the polymer samples. Further details are discussed in Chapter 5, which

focuses on the effect of random copolymer composition on its surface deposition. See Table

5.2 for the random copolymer composition and Figure 5.4 for the chemical structures of the

compositions.
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3.3.1 Principle

Dynamic Light Scattering (DLS) measures objects dispersed in a medium based on the signal

collected by the detector. Light scattering is a versatile technique employed for characterising

particles or macromolecules suspended in a solution. When a particle absorbs a photon from

an incident beam, it re-emits it in all directions. DLS uses the Brownian motion of particles

within a dispersion to ascertain their hydrodynamic size. Brownian motion, resulting from

collisions with solvent molecules like water, induces random movement of particles. This

motion, in turn, is influenced by Rayleigh scattering, where light is scattered by particles or

molecules smaller than the wavelength of light.119 Rayleigh scattering disperses the light from

individual particles, while DLS aggregates the scattering collectively. Rayleigh scattering

contributes to the intensity and size distribution of DLS. Smaller particles exhibit faster

diffusion, whereas larger ones diffuse more slowly through the medium. The rate of Brownian

motion is quantified by the translational diffusion coefficient, commonly denoted as ’D’. In

dynamic light scattering (DLS), the hydrodynamic size refers to the size of a sphere that

diffuses at the same rate as the particle under observation. This sphere includes the core

particle along with any surface-bound entities, such as ions or adsorbed polymers.120
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Figure 3.9: Influence of Particle Size on Intensity in DLS Measurements. Figure shows the

impact of smaller and larger particles on the intensity distribution obtained from Dynamic

Light Scattering (DLS) measurements. The data highlights how particle size variations

affect the overall intensity profile.
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In DLS, particles are illuminated by a laser, which they scatter. If the particles were sta-

tionary, the scattered light would maintain a constant intensity. However, due to diffusion

caused by dispersion, the intensity of scattered light fluctuates over time. The detected light

from many randomly diffusing particles combines, resulting in a fluctuating intensity signal.

These fluctuations occur because of the interference between light scattered by individual

particles, with intensity changes corresponding to ongoing diffusion.121 The rate of these

intensity fluctuations is determined by the diffusion speed of the particles: smaller particles

diffuse more quickly, causing faster fluctuations in scattered light, and vice versa, as depicted

in Figure 3.9.

DLS can measure size distributions of particles ranging from less than a nanometer up to

several microns in size. It is a rapid and non-invasive technique which is extremely versatile

and used widely. For example, DLS has been used to help characterise and optimise the

pigments used in paints, dyes and inks,122 to advance research into drug delivery systems

such as liposomes,123 and to improve the formulation of emulsions and colloidal systems.124

3.3.2 Data Interpretation

In DLS, snapshots of the light scattering signal are rapidly captured one after another, each

compared to the original signal measured. Over consecutive snapshots, which occur on the

scale of nano- or microseconds, the intensity signals exhibit high similarity or correlation.

However, as the time gap between snapshots increases, the similarity or correlation decays.

Eventually, the intensity signal undergoes complete change, resulting in no correlation with

the original signal. This process is known as autocorrelation, Malvern includes software

which autocorrelates these signals through a mathematical approach which is built into the

Malvern software. Larger particles, which diffuse more slowly, take longer to lose correlation

with the original signal. Small particles undergoing rapid diffusion experience a rapid decay

in signal correlation as shown in Figure 3.10. The auto-correlation function can be used
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to calculate the size distribution. The Zetasizer software uses an algorithm to analyse and

extract the decay rates for several size classes to produce a size distribution.121

Figure 3.10: Schematic diagram of DLS autocorrelation function. Larger particles diffuse

more slowly than small ones, resulting in a longer time to lose correlation with the original

signal, while smaller particles diffuse rapidly, causing a quicker decay in signal correlation.

From the autocorrelation function the translational diffusion coefficients, D, can be extracted.

These values are used in the Stokes-Einstein equation 3.4 to obtain the hydrodynamic size

of the particle in question.

dh =
kBT

3πηD
(3.4)

where:

• dh is the hydrodynamic diameter of the particle,

• kB is Boltzmann’s constant,

• T is the absolute temperature,

• η is the viscosity of the medium, and
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• D is the diffusion coefficient.

Variables such as solvent viscosity and temperature must be known as they will affect the

particle’s diffusion. Using DLS, the size of the particles in the sample can be measured.

Size distribution can be calculated as an intensity distribution, representing the intensity of

scattered light from each size population in the sample. Additionally, these results can be

converted into a volume or number size distribution if necessary.121

3.3.3 Limitations

DLS can measure particles ranging from 1 nanometer to 10 micrometres; particles outside

this range are challenging to measure. In polydisperse systems where a sample consists of

particles of varying sizes, DLS provides data on the average size across the sample rather

than individual particle sizes, as it is a bulk measurement technique. DLS sensitivity to

concentration125 means that impurities or aggregates in a colloidal system can affect particle

size measurements by scattering light, leading to interference with the DLS signal and unre-

liable data.121 Additionally, if the sample concentration is too low or too high, it can result

in excessive or insufficient light scattering, leading to inaccuracies in the dataset.

Another limitation of DLS is its inability to measure different particle shapes in solution.

Since DLS measures the hydrodynamic size of particles, which is an average of particle shape

and size in the bulk solution, particles with similar hydrodynamic sizes but different shapes,

such as rod-shaped or spherical particles, may produce similar signals, making it difficult to

distinguish between them.125,126

Although DLS primarily produces an intensity-based size distribution of the particles being

analysed, this can be converted into a volume distribution using Mie theory, as demonstrated

in equations 3.5 and 3.6.121 This volume distribution can also be further converted to a

number distribution.
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To convert an intensity distribution I(r) obtained from Dynamic Light Scattering (DLS) to

a volume distribution V (r) using Mie theory, the final equation is:

V (r) ∝ I(r) (3.5)

This proportionality can be expressed more explicitly as:

V (r) = k · I(r) (3.6)

where k is a proportionality constant that depends on the specific experimental setup and

calibration.

DLS may struggle to distinguish between particles measuring 90 and 110 nm, resulting in

a broad peak with a high Polydispersity Index (PDI). Achieving peak resolution with DLS

necessitates particles that differ in size by at least a factor of 3 (e.g., 10 and 30 nm, or 50

and 150 nm). This poses a challenge for polydisperse samples. One approach to enhancing

resolution is to perform size separation of particles before analysis. Additionally, modern

DLS instruments can be integrated with analytical tools, enabling precise size determination

for each fraction.125

3.3.4 Cleaning Method

Before each DLS size measurement, the cuvette, DTS0012, a disposable 45 x 12 x 12 mm

plastic cell purchased from Malvern Panalytical (United Kingdom), was rinsed three times

with ethanol to remove organic contaminants followed by three rinses with deionised water

to remove ethanol. This procedure ensured that the sides of the cuvette were wetted to

remove bubbles, which could interfere with the measurement.
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3.3.5 Experimental Setup

Figure 3.11 illustrates a standard DLS system consisting of six primary components. Initially,

a laser is employed to provide illumination for the sample particles within the cuvette. While

the majority of the laser beam traverses the sample directly, a portion is scattered by the

particles within. A detector is then used to gauge the intensity of this scattered light. Since

particles scatter light in all directions, theoretically, the detector can be positioned anywhere

and still detect the scattering. In the Zetasizer Nano series, the detector position varies

depending on the specific model, either at 175° or 90°. The detector can effectively measure

the scattered light only within a particular range of intensity. If the detected light exceeds

this range, the detector may become overloaded. To mitigate this, an attenuator is utilised

to decrease the intensity of the laser, consequently reducing the scattering intensity. The

zetasizer automatically determines the optimal attenuator position during the measurement

sequence. The scattering intensity signal from the detector is transferred to a digital signal

processing board, known as a correlator, that analyses the scattering intensity over successive

time intervals to calculate the rate of intensity variation. Subsequently, this correlator data

is transmitted to a computer, where the specialised zetasizer software analyses the data and

extracts size information. "A" and "B" designate the detection path, as depicted below,

leading back to the correlator for data acquisition.127

The intensity of the scattered light is measured as a function of time, and this data is used

to calculate the size and size distribution of the particles in the sample.
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Figure 3.11: Principle of DLS Operation: A laser light is directed at suspended particles,

and a high-time-resolution detector measures the intensity of the light scattered at a

specific angle, θ. These fluctuations in scattered light intensity over time are caused by the

Brownian motion of the particles.127

Dynamic Light Scattering, Zetasizer Ultra (Malvern Panalytical, United Kingdom) was used

for characterising the materials’ size. The light source used in this DLS was a monochromatic

laser, which is a single laser light, in the visible range, directed onto the sample during the

measurement run. The sample was prepared at a chosen concentration and dispersed in

deionised water all samples looked visibly transparent. The sample is then placed in a cuvette

and placed into the DLS, the sample is then exposed to the monochromatic laser. A detector

is used to detect the scattered light from the sample. The detector is typically positioned

at a fixed angle, backscattering was used for the DLS measurements which were placed at

an angle of 175 degrees. It must be noted that before running a DLS size measurement the

sample’s refractive index and absorbance must be known.127
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3.3.6 Data Analysis

The data was exported from the ZS Explorer software, which is used to analyse DLS data.

Subsequently, the data was exported to an Excel file, and the average of the five DLS

measurements was calculated. These averaged values were then plotted using Python; graphs

representing parameters such as Intensity, Number, or Volume against size were plotted in

Python.

3.4 Zeta Potential

3.4.1 Principle

Figure 3.12 presents a schematic of a particle in solution. The surrounding liquid layer is

divided into two regions: the Stern layer, where ions are tightly bound, and an outer diffuse

layer, where ions are less firmly attached. This arrangement results in the formation of an

electrical double layer around each particle. Within the diffuse layer, there is a boundary

where ions and particles create a stable structure. When the particle moves, due to gravity or

other forces, the ions within this boundary move with it, while those outside it do not. This

boundary is known as the surface of hydrodynamic shear or the slipping plane, and the zeta

potential is the electrical potential at this boundary, as illustrated in Figure 3.12.120,125,128,129
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Figure 3.12: Schematic representation of zeta potential.

The Zetasizer Nano (Malvern Panalytical, United Kingdom) series computed the zeta po-

tential through the assessment of Electrophoretic Mobility. Electrophoretic Mobility was

derived from an electrophoresis experiment conducted on the sample, where the velocity of

particles was measured using Laser Doppler Velocimetry (LDV).120

The pH served as the paramount factor influencing zeta potential. Without a specified pH

value, a zeta potential measurement lacks contextual meaning. Consider a particle in sus-
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pension with a negative zeta potential. Upon adding alkali to the suspension, the particles

would tend to acquire an even more negative charge. Conversely, the addition of acid could

neutralise the negative charge, eventually leading to a buildup of positive charge. Conse-

quently, a zeta potential versus pH curve typically exhibits positive values at low pH levels

and decreases or becomes negative at high pH.

The presence of electrical charges on particle surfaces leads to specific responses when sub-

jected to an applied electric field. These responses are collectively referred to as electroki-

netic effects, encompassing four distinct phenomena based on how motion is induced. These

included:130,131

• Electrophoresis: The motion of a charged particle in relation to the liquid in which it

was suspended, driven by an applied electric field.

• Electroosmosis: The movement of a liquid in relation to a fixed charged surface, induced

by an electric field.

When an electric field is applied across an electrolyte, charged particles within the electrolyte

are drawn towards the electrode of opposite charge. However, viscous forces acting on the

particles resist this movement. Once a balance is achieved between these opposing forces,

the particles move at a constant velocity.

The particle velocity depends on several factors:

• The strength of the electric field or voltage gradient.

• The dielectric constant of the medium.

• The viscosity of the medium.

• The zeta potential.
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This particle velocity in an electric field is often termed as its Electrophoretic mobility.130

3.4.2 Data Interpretation

The magnitude of the zeta potential serves as an indicator of the potential stability of col-

loidal systems. When all particles in suspension possess either a significantly negative or

positive zeta potential, they tend to repel each other, thus preventing aggregation. Con-

versely, if particle zeta potentials are low, there is insufficient repulsive force to prevent

particles from aggregating and flocculating.

Typically, the threshold for distinguishing between stable and unstable suspensions lies

around +30 or -30 mV. Particles with zeta potentials exceeding +30 mV or falling below

-30 mV are generally considered stable. However, particles with a higher density than the

dispersant may eventually settle and form a densely packed bed, even if they are initially

dispersed.120 Therefore, the zeta potential is influenced by both the nature of the dispersant

and the surface properties. Consequently, when comparing the zeta potential of different

materials, it is essential to consider not only the characteristics of the surface but also the

definition of the dispersant’s nature.

In a classical micro-electrophoresis setup, a cell contains electrodes at both ends and a

potential is applied. Particles migrated toward the oppositely charged electrode as shown in

Figure 3.13, and their velocity was measured. This velocity was then expressed in units of

field strength as their mobility.
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Figure 3.13: Measuring Electrophoretic Mobility of a sample placed in a DTS1070 cuvette,

indicating the movement with the effect of the positive and negative electrodes.

The method used to determine this velocity was Laser Doppler Velocimetry (LDV), which is

a widely used technique in engineering to investigate fluid flow in diverse scenarios, ranging

from the supersonic airflow around turbine blades in jet engines to the flow velocity of sap

within plant stems. In these instances, LDV measures the velocity of minuscule particles

within the fluid streams, which moved at the same velocity as the fluid. Hence, LDV was

suitable for determining the velocity of particles moving through a fluid in an electrophoresis

experiment. The receiving optics are precisely focused to capture the scattering of particles

within the cell. Figure 3.14 shows light scattered at a 17° angle was merged with the reference

beam, generating a varying intensity signal. The frequency of these fluctuations was directly

linked to the particles’ speed.120
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Figure 3.14: Schematic of Zeta Potential Measurement Process. Illustration of how light

scattered at a 17° angle merges with a reference beam to produce a varying intensity signal.

The frequency of these fluctuations corresponds to the particles’ speed, which is analysed

by a digital signal processor to identify characteristic frequencies in the scattered light.

3.4.3 Limitations

The Zeta potential (ZP) technique has limitations, especially when dealing with high con-

centrations and intricate nanostructures. Changes in particle surface chemistry can greatly

impact measurements. Samples relevant to therapy often experienced shifts in viscosity, pH,

dielectric constant, and refractive index, making diluted sample ZP measurements insuffi-

cient for representing in vivo formulations. Thus, solely relying on ZP analyses to progress

nanoformulations to in vivo studies was not recommended. Furthermore, these analyses typ-

ically occurred under controlled laboratory conditions using aqueous dispersants, which may

not faithfully mirror the intricate environment of in vivo settings, such as blood.125
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3.4.4 Cleaning Method

The cuvette DTS1070 Zetasizer NanoSeries disposable folded capillary cells were utilised

for conducting zeta potential measurements. Before measurements, the cells were rinsed

with deionised water three times to wet the inner walls of the cuvette, thus preventing the

formation of bubbles.

3.4.5 Experimental Setup

Similar to the DLS system outlined in section 3.3.5, a zeta potential measurement system

consists of six main components, shown in Figure 3.15. A laser (1) shown in Figure 3.15

served as a light source to illuminate particles within the sample. For zeta potential mea-

surements, this light source was divided into an Incident (A) and Reference beam (B). The

Reference beam was modulated to induce the Doppler effect.128

The laser beam traversed through the centre of the sample cell (2), while the scattering beam

(C) was detected at an angle of 12.8°.128

When an electric field was applied to the cell, any particles moving through the measurement

volume caused fluctuations in the detected light intensity, with a frequency proportional

to the particle speed. This information was transmitted to a digital signal processor (4)

by a detector (3), then further processed by a computer (5) running Zetasizer software to

derive frequency spectrum data, facilitating the calculation of electrophoretic mobility and

subsequently, the zeta potential.128

To ensure successful measurement, the intensity of scattered light within the cell had to

fall within a specific range; otherwise, detector overload could occur. An attenuator (6)

was employed to mitigate this issue by reducing laser intensity and, consequently, scattering

intensity. For samples with minimal light scattering, such as very small particles or low-
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concentration samples, the attenuator permitted increased light transmission to the sample.

Conversely, for samples with higher light scattering, like large particles or high-concentration

samples, the attenuator regulated light transmission by reducing intensity.128

Compensation optics (7) were integrated within the scattering beam path to address dis-

crepancies in cell wall thickness and dispersant refraction, thereby ensuring the alignment of

scattering beams.128

Figure 3.15: Operation of the Zetasizer Nano - Zeta potential measurements. (A) Incident,

(B) Reference beam and (C) Scattering beam. 1 - Laser, 2 - Sample cell, 3 - Detector, 4 -

Digital signal processor, 5 - Computer, 6 - Attenuator and 7 - Compensation optics.129
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3.4.6 Data Analysis

The data analysis was conducted in the same manner as described in Section 3.3.6.

3.5 Surface Tension Measurement

3.5.1 Principle

Surface tension indicates how well or how poorly a liquid spreads over a surface. When

formulating coatings, inks, or paints, the contact angle indicates how a modification to the

ink or paint would affect its spreading over the solid surface. It also provides a strong

indication of the performance of the product as well as the success of the process. Contact

angle expresses the effects of surface tension, and can be readily measured as how a liquid

interacts with a solid surface.132 A contact angle is an angle formed by a liquid at the

three-phase boundary where a liquid, gas, and solid intersect, illustrated in Figure 3.16.

Figure 3.16 shows a solid surface with a drop of liquid on it. The level of interaction between

the solid and liquid is determined by the angle theta, known as the contact angle.
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Figure 3.16: Water droplet interaction between solid, liquid and gas, showing surface

energies. Red arrow indicates the phase boundary between solid and vapour interface,

Green arrow indicates the phase boundary between the liquid and vapour interface and

yellow arrow indicates the phase boundary between the solid and liquid interface.132

Figure 3.17, shows a drop that does not wet the surface and appears as a ball on a lotus

leaf, with a contact angle of 180 degrees. This represents something that is completely non-

wetting. Wetting refers to a liquid’s ability to maintain contact with a solid surface. The

smaller the contact angle, the better the wettability. Consequently, the higher the contact

angle, the lower the wettability. Hence, no wetting indicates that the liquid would stay on

the solid surface in droplet form, without spreading. In such instances, the liquid droplet

can easily roll over the surface due to poor wettability and a high contact angle.132,133

An example of a non-wetting surface is the lotus leaf, depicted in Figure 3.17. The contact

angle between the water droplet and the lotus leaf is much higher than 90 degrees, resulting

in water droplets forming a nearly spherical shape. Conversely, when water is dropped on

a piece of cotton fabric also shown in Figure 3.17, it forms a zero contact angle with the

fabric and spreads out completely, demonstrating complete wetting. This phenomenon is

attributable to surface tension; when water or any other liquid forms a spherical shape, it is
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because water molecules in the liquid are attracted to each other. Surface tension is a result

of the forces between molecules in fluids and between molecules and surfaces.132,133

Figure 3.17: Illustration of lotus leaf vs cotton fabric, showing a lotus leaf having a

hydrophobic surface and the cotton fabric having a hydrophilic surface.

Water molecules can form hydrogen bonds with other water molecules around them. This

attraction among water and other liquid molecules is known as cohesion, and the correspond-

ing attractive force is termed cohesive force. In liquid water molecules tend to aggregate or

form groups due to cohesive forces, each molecule is pulled equally in all directions by neigh-

bouring molecules, resulting in a net force of zero. However, at the surface, there are no

water molecules above them, allowing surface water molecules to group more effectively and

form a stronger, tighter bond.134

This gives rise to a surface energy effect commonly discussed in terms of surface tension.

Surface tension is the tendency of a liquid surface to minimise its surface area and thus

surface energy enabling liquid molecules to maintain a spherical shape. When comparing

liquids with high and low surface tension, the high surface tension liquid will form a high or

large contact angle and remain in a spherical droplet form, whereas the low surface tension

liquid will exhibit a low contact angle compared to the high surface tension liquid and tend

to wet, spreading out on the solid surface as shown in Figure 3.18.133
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Figure 3.18: Surface behaviour of high surface tension liquid vs. low surface tension liquid,

giving high and low contact angles respectively.

Fundamentally, contact angles are a function of the interactions of the surface tensions

involved. When a droplet is in contact with a solid surface, three boundaries exist the solid,

the liquid, and the vapour surrounding them, usually air, as depicted in Figure 3.20; there are

three surface tensions, of the liquid against vapour; the solid against air vapour; and finally,

the surface tension of the liquid against the solid. Figure 3.19 illustrates a force diagram at

the point where all three phases met. The three arrows represent the force exerted by three

interfaces: liquid-solid, liquid-vapour, and solid-vapour.132–134

If the droplet is in equilibrium, the forces are balanced, meaning the leftward force is equal to

the rightward force. Several factors, such as surface roughness, impurities, functional groups

on the surface, etc., affect the contact angle.

The force balance can be expressed in terms of surface tension and the contact angle through

the Youngs equation shown in Equation 3.7 and Figure 3.19.
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γSV = γSL + γLV cos θ (3.7)

Figure 3.19: Illustration of a force balance can be written as γSV = γSL + γLV cos θ known

as the Youngs Equation.132,133

3.5.2 Data Interpretation

If fully wetting, a drop of liquid can spread out completely and cover the surface, denoted

by a contact angle of zero degrees, representing complete wetting as shown in Figure 3.20.

For perfect wetting, θ = 0◦, whereas for non-wetting, θ = 180◦. Typically, the contact

angle falls between zero and 180 degrees: a contact angle less than 90 degrees denoted

wetting, while one greater than 90 degrees indicated non-wetting, reflecting the nature of

the surface. For instance, for water, if the contact angle is less than 90 degrees, the surface

is hydrophilic; if greater, it is hydrophobic, as depicted in Figure 3.20. Additionally, if the
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contact angle approaches the theoretical limit of 180 degrees, the surface can be considered

super hydrophobic.

Figure 3.20: Illustration of different contact angle measurement scenarios for non-wetting

and complete wetting along with their respective angles.

3.5.3 Limitations

Many factors influence the contact angle and wettability of the solid surface, including surface

roughness, functional groups present on the surface, impurities, porosity, and surface energy.

Surface roughness can cause variations in the measured contact angle because it affects the

wetting behaviour of the liquid on the surface. If the surface is rough, the liquid might

not be able to wet the surface uniformly, leading to variations in the measured contact

angle. Surface contamination can alter the surface energy and wettability of the material

being studied, affecting the contact angle measurements. For example, if the surface is
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contaminated with a hydrophobic substance, it can reduce the surface energy and make the

surface less wettable, increasing the measured contact angle.135

Contact angle measurements can be time-dependent because the contact angle might change

over time due to factors such as evaporation or absorption of the liquid. For example, if the

liquid slowly evaporates from the surface, the contact angle might increase over time as the

liquid volume decreases. Hysteresis occurs when the advancing and receding contact angles

differ due to differences in the energy required to create or break contact between the liquid

and the surface.136 An advancing contact angle is when the angle is formed by a liquid as it

spreads outward on a surface when additional liquid is added. A receding contact angle is

when the angle is formed by a liquid droplet as it retracts inwards on a surface when liquid

is removed. This can occur when the surface is not perfectly smooth or when there are

chemical or physical interactions between the liquid and the surface. Hysteresis could make

it difficult to interpret contact angle measurements and can lead to errors in the calculated

surface properties.135

Contact angle measurements can be affected by temperature because temperature changes

can alter the surface energy and wettability of the material being studied. For example,

as the temperature increases, the surface energy of some materials might decrease, making

them less wettable and increasing the contact angle.135

3.5.4 Cleaning Method

The Glazed ceramic tiles used in this study were Utopia White Gloss Ceramic Wall Tile, Pack

of 25, 100mm(L) 100mm(W) purchased from B&Q. The samples were cut by the physics

workshop at the University of Birmingham into 1 cm squares so that the tiles could fit into

the contact angle instrument and to carry out the measurement with ease. All the samples

were first cleaned using the QCM cleaning method shown in section 3.1.5.

80



Methodology

3.5.5 Experimental Setup

A static drop of deionised water was imaged on a pre-deposited coated substrate. A high-

speed camera was used to capture a video of the droplet falling, forming and spreading.

Measurements were carried out at room temperature for each surface measurement and an

average of four readings were taken at different locations and reported.

To measure surface tension, a custom-built setup was employed. This setup involved direct-

ing light from a fibre optic light source from Dual Fiber Unit LED (Germany) through a

Thor Labs (UK) DG20-600-MD light diffuser, which then passed to a camera from First Ten

Angstroms (UK), as depicted in Figure 3.21.

Figure 3.21: Image of surface tension setup.
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To measure the surface tension, a syringe containing the solution under investigation was

positioned between the light source and the camera. A 21 GA blunt-tipped needle was

attached to the syringe. A specific volume of liquid was dispensed from the syringe, forming

a droplet, which was captured in a photograph.

3.5.6 Data Analysis

To analyse the contact angle data, a Python-based software tool called PyDSA was utilised.

Designed specifically for drop shape analysis, PyDSA enables the measurement of droplet

properties when in contact with solid surfaces, such as contact angle, droplet volume, evap-

oration rate, and displacement velocity, all through an intuitive, user-friendly interface. De-

veloped in Python, PyDSA employs the Qt5 framework to build its graphical interface,

allowing users to interact with the software visually without requiring coding skills. Al-

though PyDSA was not tailored exclusively for image analysis, it can be integrated with

other Python libraries, such as OpenCV, or scikit-image, to conduct advanced image pro-

cessing tasks. Examining the form of a droplet typically involves analysing an image to

identify important characteristics such as the contact angle or overall droplet shape.
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3.6 Flow Lubricating Solution for Household Toilets

(FLuSHT)

3.6.1 Principle

The concept for this technique was inspired by Wang et al.5 Its purpose was to assess the

impact of different coatings on synthetic faecal matter. The setup was custom-built in-house

using a 3D printer. This setup’s principle was to replicate a real toilet flushing process while

maintaining control over all associated parameters. An amount of synthetic faeces could be

placed on a surface at an angle, and water onto and around it. The liquid flow required to

displace the faeces could be measured, giving some quantification of parameters that could

be varied the flow rate, deposition angle, tile coating, and water composition utilised for the

measurements. The system replicated the flow dynamics of a toilet flush; using a peristaltic

pump to generate the flow. A series of coatings were applied to the glazed ceramic tiles to

study their effect on flushing efficiency and cleanliness.

In essence, the underlying concept of an open-channel toilet system for research revolves

around furnishing a meticulously controlled experimental environment. This facilitates the

exploration and comprehension of the intricate dynamics inherent in toilet flushing processes.

Additionally, it enables the assessment of various design attributes, coatings, and flushing

technologies in terms of their performance.

Figure 3.22 illustrates a side view of the FluSHT setup, indicating where the synthetic faecal

matter was deposited onto the testing surface, also known as the coated glazed ceramic tile,

as well as the holding pins for the adjustable movement of the substrate in question.
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Figure 3.22: Side View of FLuSHT setup.

3.6.2 Data Interpretation

In analyses, the time it took for the synthetic faecal matter to traverse down the tile and the

corresponding distance it covered was considered. From this, velocity in mm/s against the

various polymer coatings was plotted. If one coating exhibits greater lubricity than another,

it implies that faecal matter will slide down the tile more rapidly, thereby indicating a

superior anti-fouling coating.

3.6.3 Limitations

There are several limitations inherent in constructing an in-house open-channel toilet system,

despite its capacity to provide valuable insights into the toilet flushing process. The FLuSHt

system does not consider the interaction between synthetic faeces and water, nor does it

account for the bowl geometry or dynamics of waste removal. This system is highly simplified

and, consequently, not designed to accommodate the complexities of an actual toilet. The

FLuSHt system does not incorporate environmental factors that can influence toilet flushing,

such as temperature, pH of the water, and humidity. These factors are significant in real-life
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toilet flushing scenarios and can affect the process accordingly. Lastly, FLuSHT does not

consider the variety of toilet materials used worldwide. Glazed ceramic tiles were used for

this project, it’s important to note that materials such as stainless steel are common in

certain regions, such as America. However, the decision to use glazed ceramic tiles as the

substrate was made at the project’s outset, restricting the ability to test other substrate

materials.

3.6.4 Cleaning Method

Before carrying out the FLuSHT measurements, the substrates had to be cleaned the fol-

lowing steps were used to clean the glazed ceramic tiles.

1. Rinse with IPA.

2. Rinse with tap water.

3. Rinse with DI water.

4. Sonicated in IPA for 180 seconds.

5. Air dried.

6. Polished with a microfiber cloth.

7. Rinse with tap water.

8. Rinse with DI water.

9. Sonicated in IPA for 180 seconds.

10. Rinse with tap water.

11. Rinse with DI water.
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12. Sonicated in DI water for 180 seconds.

13. Air dried.

14. Left to adjust to room humidity.

15. Fully cover the tile with the chosen polymer solution.

16. Leave to dry and then test tiles’ response in the FLuSHT measurement.

3.6.5 Experimental Setup

Firstly, it was important to identify the flow rate used for the FLuSHT setup; it had to

simulate the flow rate of an actual toilet flushing. A flow rate of 5460 mL min−1. was

used during the FLuSHT measurements. Below is a clear outline of how this flow rate was

achieved.

4-7 seconds (average toilet flush time)

5.5 seconds was the average flush time considered for the calculation

Average water used for toilet flushing = 5 Litres

5 Litres/5.5 seconds = 0.91 L/s X 1000 ml/L

= 910 mL/s x 60 min/s

54600 mL/min

= 5460 mL min−1 (scaled down to the size of the tile)

Once the flow rate had been established, the next step was to organise the setup for the

FLuSHT measurements. The placement of the deionised water, either above or below the

rest of the components, affected the flow rate. After finalising the setup, the pump was

calibrated by selecting multiple flow rates ranging from 250 mL/min to 2000 mL/min and

measuring the amount of water dispensed over a minute. A graph of the flow rate versus the
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volume in mL/min was plotted, yielding a linear relationship. This resultant flow rate was

utilised throughout the FLuSHT measurements. Importantly, this flow rate closely simulated

an actual toilet flushing system. Figure 3.4 illustrates the FLuSHT setup. Subsequently, the

tile in question was placed into the FLuSHT device for investigation. The flow rate had to

closely simulate that of an actual toilet flushing because the project’s end application is for

toilet bowls and for the coating to be applied in a toilet bowl.

Figure 3.23 shows the FLuSHT setup, clearly illustrating the FLuSHT device. This device

was 3D-printed to ensure the tile could sit securely within it, allowing a blade of water to

run over the tile. The angle of the device was also adjustable. A pump was used to generate

the flow rate, and deionised water was utilised to control the water’s composition.

Figure 3.23: FLuSHt Setup, showing the FLuSHT device, peristaltic pump and the

deionised water.

The recipe for synthetic faeces was originally obtained from the University of KwaZulu-

Natal in South Africa.5, The recipe comprises the components specified in Table 3.2 and

their respective amounts. To enhance the representation of viscoelastic properties, the water
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percentage was adjusted from 77.6% to 65%. The remaining ingredients were proportionally

increased using a linear scale factor to maintain ingredient ratios. The components were

mixed in a food processor to obtain the viscoelastic consistency replicating faecal matter.

Table 3.2: Composition of synthetic faeces.5

Chemical Name Mass (g)

Yeast 227.4

Water 1300

Psyllium Husk 75.9

Peanut Oil 121.2

Miso Paste 75.9

Polyethylene glycol 84.96

Calcium Phosphate 75.9

Cellulose 38.73

Total Weight (g) 2000

Once the tiles were cleaned and coated with their respective dried polymer coatings, the

synthetic faeces were prepared, and 10 grams of synthetic faeces were placed onto the tile in

an oval shape with dimensions of 1cm in diameter. A weight of 164 grams was applied to

the synthetic faeces for 5 seconds to ensure control over the system. The tile was then tilted

to a 45° angle, as shown in Figure 3.5, and the pump was activated at a flow rate of 5640

mL/min. The time taken for the synthetic faeces to slide down the tile was recorded and

converted to velocity. All measurements were video recorded.
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3.6.6 Data Analysis

Python was used to analyse the data as well as plot the graphs. The full script is provided

in Appendix Two, Section B.

3.7 Force Board

3.7.1 Principle

ForceBoard™, developed by Industrial Dynamics Sweden AB, located at Veddestavagen 19,

17562 Järfälla, Sweden, is a force measurement system tailored for laboratory and research

use. This system can concurrently measure forces in both vertical and horizontal orientations,

making it useful and versatile for various research and development testing settings.

Initially conceived for measuring coefficients of friction between different materials, the Force-

Board™ functions on a simple principle. The coefficient of friction (represented as µ) between

two materials or objects A and B is determined by the ratio of the frictional force (horizontal)

to the normal force (vertical) both measured by the ForceBoard, as illustrated in Equation

3.8.137

µA,B =
Ffriction

Fnormal
(3.8)

3.7.2 Experimental Setup & Data Interpretation

In Figure 3.24a, the grey rectangular box represents a glazed ceramic tile, affixed to the

instrument holder with double-sided sticky tape to ensure the stability of movement for the

tile when interacting with synthetic faeces, depicted as an orange sphere. For consistency,
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5g of synthetic faeces were weighed out for each measurement. As time progressed, the

orange sphere depicted in Figure 3.24 as synthetic faeces underwent deformation due to the

ceramic tile applying a vertical force of roughly 1 Newton upon contact. Stage a) showed

the tile nearing but not yet touching the synthetic faecal matter. Stage b) depicted the

tile making contact with the material, increasing the vertical force. Stage c) illustrated the

vertical force diminishing as the tile moved away from the synthetic faeces, known as the

pull-off force, a significant point of interest due to variations in tile coatings. Consequently,

the pull-off force between the different coating types on the tile and the synthetic faecal

matter was measured. Stage d) marked when the tile was no longer in contact with the

material, requiring no additional force for separation. Stage d) mirrored stage a) as both

indicated the absence of contact between the tile and the material, resulting in identical

baseline conditions.

The random copolymer composition discussed in Chapter 5 (see Table 5.2 for the random

copolymer composition and Figure 5.4 for the chemical structures of the compositions) was

deposited onto the clean glazed ceramic tiles and left overnight to dry. Once the tiles were

visibly dry, they were taped to the adjustable motor head via double-sided sticky tape, as

shown in Figure 3.24b. Step a) in Figure 3.24b shows the glazed ceramic tile approaching

the synthetic faeces but not yet touching the material; the coated side of the tile is facing the

synthetic faeces. The velocity of the tile approaching the synthetic faeces was set to 10.05

mm s-1, and the vertical force was set to 1 Newton (N). Step b) shows the tile in contact

with the material and compressing it at a set force of 1 N. Step c) indicates the tile being

pulled away from the synthetic faeces; this is when the adhesion force can be determined

between the coated tile and the synthetic faeces at the point of separation. Step d) shows

the complete detachment of the coated tile from the material at a velocity of 10.05 mm s-1.

Each random copolymer sample was repeated at least three times to ensure the reliability of

the data obtained which was the adhesion between the coated tile and the synthetic faeces.
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Figure 3.24a: The plot depicts the Vertical Force (N) against time (seconds) obtained from

force board measurements. Step (a) shows the tile approaching synthetic faeces, step (b)

indicates the tile in contact with synthetic faeces, step (c) illustrates the tile being pulled

away from synthetic faeces, and step (d) marks the tile no longer in contact with the

synthetic faeces.

91



Methodology

Figure 3.24b: Plot showing vertical force (N) against time (s) for the bare control tile and

random copolymers.

The experimental setup for the synthetic faecal recipe can be found in section 3.6.5.

The software used to conduct the experiments included DAQFactory, which was used to save

the data and take measurements, and Kinesis, which was used to control the movement of

the tile to bring it into contact with the synthetic faeces and pull it away from the synthetic

faeces.

3.7.3 Limitations

The force board can only accommodate large-scale setups for grams; it cannot carry out

small-scale setups like atomic force microscopy for micrograms. The force board is thus

not sensitive enough for small-scale experiments. Another limitation of the force board
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was encountered while preparing synthetic faecal matter; maintaining consistency of the

synthetic faeces was difficult, leading to fluctuations in dimensions. Consequently, ensuring

constant force during the contact between the tile and the synthetic faeces was challenging,

as the fluctuating dimensions affected the contact area. Additionally, the temperature and

humidity of the lab were not controlled during the measurements, potentially resulting in

inconsistency in the measurements

3.7.4 Cleaning Method

The Glazed ceramic tiles used from this study were Utopia White Gloss Ceramic Wall Tile,

Pack of 25, 100mm(L) 100mm(W) purchased from B&Q. The samples were cut into 1 cm

squares so that the tiles could fit into the force board instrument and to carry out the

measurement with ease. All the samples were cleaned using the Innospec cleaning method

as mentioned in section 3.6.4.

3.7.5 Data Analysis

Data was obtained from DAQFactory in an Excel file. This Excel file was then imported

into Python to analyse and plot the data.

3.8 Conclusions

A series of experimental techniques have been identified and described to investigate poly-

mer adsorption, with a focus on quantifying adsorption, analysing the kinetics involved, and

assessing the impact on interfacial properties. These methods integrate nanoscale measure-

ments with macroscale observations, aiming to establish a correlation between the properties
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observed at the nanoscale and those at the full scale. The subsequent chapters will utilise

these techniques to explore various combinations of polymers and interfaces.

Quartz Crystal Microbalance (QCM) was used to monitor the real-time adsorption and

desorption of molecules. Chapters 4 and 5 discuss in detail the data obtained from the QCM.

Atomic Force Microscopy (AFM) was employed to measure film thickness and adhesion of

the block copolymers, which is the focus of Chapter 4. Dynamic Light Scattering (DLS) was

used to assess particle size and polymer solution charge, as detailed in Chapter 5. Contact

angle measurements were conducted to determine the surface energy of the deposited polymer

on various substrates, which is discussed in Chapter 6. The FLuSHT test apparatus was

constructed to observe polymer response to synthetic faeces in a real-world scenario, bridging

the gap between microscopic and macroscopic testing, also covered in Chapter 6. Lastly, the

force board test was employed to gauge the force necessary to detach the coated glazed

ceramic tile from the synthetic faeces, as described in Chapter 6. Chapter 3 describes

the methodology of the instruments used in this project, elucidating the principles, data

interpretation, limitations, and experimental setup and data analysis of each instrument.

Chapter 4 focuses on the effect of block copolymer architecture on its surface deposition.
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Chapter Four

The Effect of Block Co-polymer

Architecture on its Surface Deposition

4.1 Introduction

Chapter 2 examined and evaluated various antifoulant candidates and their effectiveness in

preventing the build-up of foulants on biomedical devices. This background sets the stage

for the current chapter, which focuses on identifying the most effective polymer among three

block copolymers. The chapter aims to understand the molecular architecture responsible

for surface adsorption and subsequent antifouling applications, as well as the methodologies

used to investigate these properties.

This chapter aimed to explore the surface interactions between a negatively charged sur-

face and a block copolymer composed of polyethylene oxide (PEO) and varying ratios of

Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). Surface adsorption is primarily

driven by electrostatic interactions for the materials used in this thesis, which provided the

foundational knowledge for designing the block copolymers used in this chapter.
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The aim of this research was to develop a surface protective additive designed to repel

dirt and minimise soil attachment on coated surfaces, a functionality that has not been

thoroughly studied on glazed ceramic surfaces. While extensive literature (see Chapter 2)

supports PEG as an effective antifoulant for biomedical devices,59–62 the focus here was on

creating a similar solution for toilet bowl systems.

The primary objective of this chapter was to investigate the relationship between block

copolymers and the negatively charged surface. QCM was used to monitor the mass ad-

sorption of the block copolymer samples in real-time and at varying concentrations. QCM

also helped to examine the adsorption kinetics of the block copolymer samples, which was

crucial for understanding the speed and extent of polymer adsorption onto the surface. Ad-

ditionally, BSA was introduced into the QCM system to evaluate the antifouling potential

of the block copolymers. The thickness of the block copolymers on the sensor surface was

measured using atomic force microscopy (AFM).

Previous research, discussed in Chapter 2, has demonstrated that polyethylene glycol (PEG),

also known as polyethylene oxide (PEO), significantly contributes to antifouling. When ex-

posed to an aqueous solution, PEG segments form a disordered structure that creates a

hydration layer, repelling the foulant in question, for example, BSA.138–141

Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) contains a tertiary amine group

that can protonate under acidic conditions, rendering the polymer positively charged and

allowing it to adhere to anionic surfaces.142 In this chapter, we investigate three block copoly-

mers composed of PEO and PDMAEMA. Given PEO’s effectiveness as an antifouling agent,

the goal of this project was to develop an antifouling coating that can repel viscoelastic sub-

stances in toilets. Therefore, PEO was used in the block copolymer system, and PDMAEMA

served as the anchoring segment of the block copolymer, adhering to the QCM sensor via

electrostatic forces as discussed in Chapter 2.
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It is hypothesised that as the ratio of the PDMAEMA segment increases in the block copoly-

mer chain, the mass adsorbed onto the silicon dioxide sensor surface would also increase due

to enhanced electrostatic interactions from the greater number of positively charged groups.

This study examined both the mass and the number of molecules adsorbed onto the surface.

Through these experiments, we aimed to determine whether the block copolymers could

effectively repel viscoelastic materials and minimise soil attachment on surfaces. By under-

standing the adsorption behaviour and surface interactions of the copolymers, we hoped to

identify promising candidates for antifouling applications in toilet bowl systems.

4.1.1 Materials

The block copolymers used in this chapter came from Polymer Source (Dorval, Canada).

Figure 4.1 presents the differences between the generated three-block copolymers, illuminat-

ing their molecular structures. Different ratios of the two monomers, ethylene oxide and

2-(dimethylamino)ethyl methacrylate, were combined to synthesise Poly(ethylene oxide-b-2-

(dimethylamino)ethyl methacrylate) (PEO-b-PDMAEMA) via anionic polymerisation was

used throughout this chapter.

Every molecule was created in 500 parts per million solutions. To do this, 0.125 g of the

polymer was carefully weighed and placed into individual 500 mL Duran bottles. These

bottles were then filled with deionised water. These starting solutions were used to produce

different concentrations of 10, 50, 100, 150, 200, and 300 parts per million. After every

solution was created in its container, 10 µL of 1M NaCl was added to reduce the electrostatic

interactions between the charges in the solution. Figure 4.1 illustrates the chemical structures

of the three-block co-polymers.
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Figure 4.1: The chemical structures of the three-block co-polymers - PEO-b-PDMAEAMA

(a) 5.0-b-2.5 (b) 5.0-b-5.6 and (c) 5.0-b-12.0. Numbers in colour show the repeat units of

DMAEMA in the DMAEMA block.

To study the effect of molecular architecture on adsorption, three block copolymers, shown

in Figure 4.1, were analysed in this chapter. Figure 4.2 illustrates a schematic representation

of the PEO-b-PDMAEMA block copolymer structure and its adsorption on a silicon dioxide

sensor. It was anticipated that the positively charged segment of the block copolymer would

adhere to the negatively charged sensor, resulting in the PEO strands extending from the

surface as depicted in Figure 4.2.
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Figure 4.2: (a)Molecular structure of 5.0-b-2.5 (PEO-b-PDMAEAMA), (b) Schematic

illustration of the block copolymer and (c) Schematic illustration of block copolymer

adsorption onto the QCM sensor.

Table 4.1 illustrates the differences between the block copolymers tested here. The first

column in the table specifies the ratio of each monomer in the block copolymer chain. For

example, 5.0-b-2.5 indicates that PEO has twice the number of blocks in the chain com-

pared to PDMAEMA. The table also displays the molecular weight of each block copolymer,

obtained from the data sheet supplied by Polymer Source when purchasing the materials.

PEO has a constant molecular weight of 5000 in all three block copolymers, while the molec-

ular weight of PDMAEMA increases progressively down the column. Notably, in all three

compounds, the PEO segment consistently outweighs the anchoring group, the PDMAEMA

segment, shown in the last two columns of the table. The number of repeat units for each

monomer was calculated by dividing each block’s molecular weight by the repeat unit’s

molecular weight. The data sheet also provided the polydispersity index (PDI) of the block

copolymers. Samples 5.0-b-2.5 and 5.0-b-5.6 had a PDI of 1.20, while sample 5.0-b-12.0 had

a PDI of 1.30.
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Table 4.1: Molecular weight and repeat units calculated for all three block copolymers.

Block Copolymers

Mn x 103

PEO-b-PDMAEMA

Molecular weight

of each block

Repeat units of

DMAEMA in

DMAEMA block

Repeat units of

PEO in PEO block

5.0-b-2.5 5000:2500 16 114

5.0-b-5.6 5000:5600 36 114

5.0-b-12.0 5000:12000 76 114

Figure 4.3 illustrates the structure of the materials. The red spheres represented the PDMAEMA

molecules, also known as the anchoring molecules. These molecules possess a positive charge

due to the tertiary amine being protonated under acidic conditions, which caused them to

have a positive charge in solution. The blue spheres represented the PEO molecules within

the block copolymer samples, referred to as the functional molecules. The structure il-

lustrates the block copolymer at the substrate surface, as shown in Figure 4.3. Figure 4.3

shows the block copolymer structure, where blue spheres were followed by red spheres, rather

than a random arrangement such as blue-red-blue-blue-red-blue-blue, which would indicate

a random copolymer.
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Figure 4.3: Illustration of the theoretical deposition of three-block co-polymers -

PEO-b-PDMAEAMA onto the substrate surface: (a) 5.0-b-2.5, (b) 5.0-b-5.6, and (c)

5.0-b-12.0. Red spheres illustrate the anchoring molecule - PDMAEMA, and blue spheres

illustrate the functional molecule - PEO. The white slab illustrates the substrate surface.

The illustration is not an accurate depiction of the system but is intended to provide a

conceptual layout of molecular adsorption.

4.2 Results & Discussion

4.2.1 Effect of varying concentration on surface adsorption

To study the effect of varying concentrations on surface adsorption, QCM was used to deter-

mine the mass adsorbed, adsorption kinetics, and binding energy of the three-block copoly-

mer samples at varying concentrations. To obtain the mass adsorbed data from the QCM,

deionised water was first injected into the system, followed by the block copolymer under

investigation, and then deionised water again. Figure 4.4 illustrates a schematic represen-

tation of a typical QCM mass adsorbed experimental plot and the data acquisition process.
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Further information can be found in Section 3.1.2.

Section A (blue region) in Figure 4.4 indicates the point of deionised water injection into the

system, allowing the system to establish a baseline where it equilibrated and stabilised. This

baseline facilitated accurately determining the mass absorbed data for the block copolymers.

Region 1 shown in Figure 4.4 shows a region that consisted of 100 data points, from which

an average was taken during the QCM measurement to act as a baseline. At the end of

Section A, the block copolymer was injected into the system as shown in Figure 4.4.

Section B in Figure 4.4 shows the response of the QCM in the polymer adsorption process.

At the start of Stage B, there is an increase in mass adsorbed, indicating that the polymer

had adsorbed onto the sensor surface. Once the polymer molecules have equilibrated on the

sensor surface, 100 data points were taken from Region 2 and averaged, yielding the mass

adsorbed data (pre-wash) as indicated in Figure 4.4.

Finally, Section C shows the polymer desorption stage, where deionised water was rein-

troduced into the system to determine how much polymer remained on the sensor surface

(post-wash) as indicated in Figure 4.4. To obtain the post-wash data, 100 data points were

taken from Region 3 where the reading is essentially constant and averaged.

Figure 4.4: A typical QCM experimental plot of mass adsorbed versus time illustrated the

different stages of the QCM measurement. Stage A involved deionised water, Stage B

involved the block copolymer, and Stage C involved deionised water again.
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Figure 4.5a: Example representation of QCM plot, indicating polymer injection, pre-wash

(Region 2) and post-wash (Region 3).

Figure 4.5a presents a real-time plot of a QCM (Quartz Crystal Microbalance) curve, de-

picting the mass adsorbed in ng/cm2 against time in seconds. This figure illustrates the

polymer injection phase and the pre-wash stage, designated as Region 2, which corresponds

to the same stage shown in Figure 4.4. Additionally, Figure 4.5a includes the post-wash

phase, labelled as Region 3, which is also consistent with the representation in Figure 4.4.

The data displayed in Figure 4.5a has been utilised to calculate the results shown in Figure

4.5b.
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Figure 4.5b: Plot of mass adsorbed vs. concentration of the three-block co-polymers pre

and post-deionised water wash. Error bars show the standard error over five repeats and

the line is added to clarify trends.

Figure 4.5b displays mass adsorbed data in ng/cm2 of the three block copolymers: 5.0-b-2.5,

5.0-b-5.6, and 5.0-b-12.0, both pre-and post-wash, against the concentration of the block

copolymers in parts per million (ppm). Error bars depict the average standard error across

five repetitions, and a trend line has been added to facilitate visual interpretation. It can be

seen that sample 5.0-b-2.5 exhibited the lowest adsorption levels in both pre-and post-wash

stages across all concentrations tested during the measurements. For 5.0-b-2.5, adsorption

increased with concentration, reaching a plateau of approximately 200 ng/cm2 after 300

ppm. Overall, the adsorption was much lower than that for 5.0-b-5.6 and 5.0-b-12.0. This

can be attributed to the smaller PDMAEMA anchoring segment in 5.0-b-2.5, resulting in

less adsorption onto the silicon dioxide surface, given that it contained only 16 repeat units

of DMAEMA in the DMAEMA block, as shown in Table 4.1. It thus was expected that

the block copolymer sample 5.0-b-2.5 would have the lowest amount of mass adsorbed onto
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the QCM sensor, as it consisted of the lowest amount of PDMAEMA molecules within the

chain. Consequently, there were fewer positive charges within the solution to adsorb onto

the sensor, resulting in a lower overall mass being detected on the surface.

The block copolymer sample 5.0-b-5.6, which consisted of almost equal amounts of anchoring

and functioning molecules (see Figure 4.3), adsorbed the highest amount onto the silicon diox-

ide surface, both pre-and post-wash, across all concentrations. Sample 5.0-b-12.0 consisted

of 76 DMAEMA repeat units in the block. Block copolymer sample 5.0-b-12.0 exhibited

maximum adsorption of approximately 415ng/cm2 on the silicon dioxide sensor. However,

block copolymer sample 5.0-b-5.6, at 300 ppm during the pre-wash stage, had maximum ad-

sorption of approximately 475 ng cm-2. Despite having a DMAEMA repeat unit of 36, this

sample showed a maximum amount of adsorption across all the concentrations measured.

There is a finite number of sites on the surface onto which the PDMAEMA can adhere.

For the short chain (5.0-b-2.5, light green lines) system, more molecules can adhere to the

surface per unit area, resulting in a larger number of moles adsorbed. Although 5.0-b-12.0

contains the highest number of DMAEMA repeat units, total adsorption is determined not

only by the magnitude of surface interaction and the number of repeat units involved but

also by the interfacial conformation and the occupation of adsorption sites.
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Figure 4.6: Plot of moles adsorbed vs. concentration of the three-block co-polymers pre

and post-deionised water wash. Error bars show the standard error over five repeats and

the line is added to clarify trends.

Figure 4.6 displays data of Figure 4.5b replotted in terms of the moles adsorbed in nmol

cm-2 of the block copolymers as a function of their concentration in ppm for the pre and

post-wash. A trend line was added to improve the visualisation of patterns, while the error

bars represent the average standard error derived from five independent repetitions.

Notably, when 5.0-b-5.6 was contrasted with the other two block copolymer samples, it

showed the highest moles adsorbed across all concentrations in Figure 4.6. Conversely, the

block copolymer sample with the least moles adsorbed onto the sensor surface was 5.0-b-

12.0. This behaviour may be explained by the high number of repeat units in the anchoring

segment of the block copolymer, as shown in Table 4.1, resulting in an extended PDMAEMA

section. Consequently, PDMAEMA maximised its spatial occupancy as it interacted with

the surface, reducing the ability of new molecules to adsorb.
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Although in Figure 4.5b the block copolymer sample 5.0-b-12.0 exhibited a relatively high

amount of mass adsorbed onto the sensor surface, Figure 4.6 indicates that in terms of

moles adsorbed, it adsorbed the least. It was anticipated that as the PDMAEMA anchoring

segment increased, both the mass and moles adsorbed onto the surface would increase linearly

due to more electrostatic interactions between the PDMAEMA positive segment and the

negatively charged sensor surface. However, with more PDMAEMA in the chain, there was

less available space for the chains to adsorb onto the surface, leading to competition for space

and ultimately resulting in less overall adsorption onto the sensor. For sample 5.0-b-12.0,

the molecules adopt a train-like conformation at the interface, occupying a larger surface

area compared to the other block copolymers, such as 5.0-b-2.5, due to fewer active sites

available for adsorption. This is shown schematically in Figure 4.3.

As the pre-wash data (indicated in section B in Figure 4.4) represents the stage before the

final rinse of deionised water onto the sensor’s surface, the post-wash data (indicated in

Section C) involves deionised water washing over the surface of the sensor. Figure 4.5b

shows that, for all pre-wash and post-wash data, there was no statistical difference as the

data overlapped in some places, especially for 5.0-b-2.5, indicating that the surface had

been fully saturated. Overall, there was minimal removal of the block copolymer samples

during the post-wash stage, suggesting that the polymers were not removed from the surface,

resulting in physisorption of the polymers rather than chemisorption.

4.2.2 Effect of varying concentration on adsorption kinetics

To study the effect of varying concentrations on adsorption kinetics, QCM was used to

estimate the adsorption kinetics of the block copolymers. The Langmuir isotherm equation,

shown in Equation 4.1, was employed to obtain the first-order rate constants, as depicted

in Figure 4.8. It is crucial to determine the adsorption kinetics for the block copolymers

at different concentrations to achieve part of the project’s aim. This determination was
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important to identify which block copolymer, and at which concentration, reached the sensor

surface most rapidly. This information is vital for Innospec, as it would inform the decision

on which polymer to proceed with and at what concentration. Ideally, the aim was to

identify a polymer that stays on the surface, as quantified by the Sauerbrey equation and

a polymer that quickly adsorbs onto the surface, as quantified by the Langmuir isotherm

equation. Further information on Langmuir isotherm equation can be found in Chapter 3,

section 3.1.6.

The data in Figures 4.5 and 4.6 demonstrate that adsorption is irreversible. If a Langmuir-

type process is assumed, i.e., that there are an infinite number of adsorption sites on the

surface, then the deposition will follow Langmuir adsorption kinetics. The rate of formation

of the monolayers can be expressed as:

dθ

dt
= ka(1− θ)C − kdθ (4.1)

where θ is a dimensionless quantity representing the fraction of available sites that have

reacted (or equivalently, the fraction of a monolayer formed), C is the concentration of the

block copolymers in the solution, and ka and kd are the rate constants for the adsorption

and desorption processes, respectively.

Integration of equation 4.1 leads to:

θ(t) =
C

C + kd
ka

(
1− e−(kaC+kd)t

)
(4.2)

Setting:

kobs = kaC + kd (4.3)

and

k′ =
C

C + kd
ka

(4.4)

results in the equation:

θ(t) = k′ (1− e−kobst
)

(4.5)
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To determine the values of kobs and k′, the fractional coverage θ is measured as a function

of time t and this experimental data is fitted to Equation 5. By repeating the experiment at

different block copolymer concentrations and plotting kobs against C, a line is obtained with

a slope of ka and a y-intercept of kd (Equation 3).

Figure 4.7(a) illustrates a typical QCM experimental plot of mass adsorbed in ng cm-2 against

time in seconds. Both qe (equilibrated mass adsorbed) and qt (increase in adsorption, purple

dotted line) are indicated in Figure 4.7(a). Once these values were obtained, the logarithm

of qe−qt was calculated and plotted against time in seconds, as shown in Figure 4.7(b). This

plot indicated a linear relationship. The equation of the straight line, depicted as a green

dashed line in Figure 4.7(b), is provided as an example to explain how the kinetics data were

obtained.

Figure 4.7: a) A typical QCM experimental plot of mass adsorbed versus time, illustrating

the stage of polymer adsorption. b) Applying log(qe − qt) to the ’climb’ section of the plot

(a) to obtain the gradient of a straight line.

Once the gradient of the straight line was obtained, it was used in Equation 4.6. By rear-

ranging the equation, the first-order kinetics rate was determined.
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log(qe − qt) = log qe − kobs
2.303

t

y c mx (4.6)

Step 1: The maximum point of adsorption was identified, and this value was subtracted

from every single point on the incline in Figure 4.7 (a) to obtain qe − qt.

Step 2: The values of log(qe − qt) were plotted against time in seconds.

Step 3: The gradient of the resulting line was determined.

Step 4: Using the equation

m = − kobs

2.303
,

the gradient m was fitted to the line.

Step 5: Given that

−0.022 = − kobs

2.303
,

it was found that

kobs = 0.051 s−1.

Figure 4.7 shows how the data is obtained: the plateau gives the mass adsorbed at full oc-

cupation of sites (i.e. θ = 1) and that at time t gives θt. Figure 4.8 shows a plot of the first

order rate constants (s−1) obtained by fitting the Langmuir isotherm equation (see section

3.1.6. equation 3.2) to the change in mass adsorbed data vs. time in seconds against the

concentration of block copolymers (ppm) of 5.0-b-2.5 (light green), 5.0-b-5.6 (green), and

5.0-b-12.0 (dark blue) with their respective trend lines. The plot shows that irrespective

of concentration, the block copolymer sample 5.0-b-2.5 exhibited similar adsorption kinet-

ics across all concentrations from 10 to 500 ppm. This indicates that as the concentration

increased for 5.0-b-2.5, with molecules within the solution, adsorption occurred at the same
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rate onto the silicon dioxide surface regardless of concentration. The block copolymer sample

5.0-b-5.6 displayed an increase in adsorption constant as concentration increased, suggesting

that as the concentration increased, the rate of adsorption also increased across all concen-

trations from 10 to 500 ppm. As the concentration of 5.0-b-5.6 increased, it meant that

there was more of the PDMAEMA segment, which was adsorbing rapidly onto the silicon

dioxide surface. Lastly, the block copolymer sample 5.0-b-12.0 exhibited an increase in ad-

sorption kinetics from 300 to 500 ppm, with the adsorption kinetics constant increasing from

0.0105 s−1 to 0.0487 s−1. Below 300 ppm, the adsorption kinetics increased very slightly

from 10 to 200 ppm, indicating that as the concentration increased from 10 to 200 ppm,

the adsorption kinetics for 5.0-b-12.0 also increased. This may be due to the adsorption

of the PDMAEMA segment (anchoring group) increasing with concentration. Additional

experimental data are required to thoroughly assess whether the materials conform to the

expected Langmuir behaviour, as outlined in Equation 3.2. This need is particularly evident

for the 5.0-b-2.5 sample, where the rate constant remains unchanged despite variations in

concentration. This inconsistency suggests a potential deviation from the Langmuir adsorp-

tion model, underscoring the necessity for further investigation to determine the applicability

of this theoretical framework to the materials under study.
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Figure 4.8: Plot of first-order rate constant (s−1) against concentration (ppm) of 5.0-b-2.5

(light green), 5.0-b-5.6 (green) and 5.0-b-12.0 (dark blue) with their respective trend lines.

Binding energy was obtained by utilising the trendlines and equation 4.1.

Figure 4.9 depicts the relationship between first-order kinetics rate constant and mass ad-

sorbed for three different types of PEO-b-PDMAEMA block copolymers: 5.0-b-2.5, 5.0-b-5.6,

and 5.0-b-12.0. The data is divided into two stages: "Pre-wash" and "Post-wash," repre-

sented by circle and square symbols respectively.
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Figure 4.9: Correlation between the first-order kinetic rate constant (s−1) and mass

adsorbed (ng/cm²) for PEO-b-PDMAEMA samples. The plot shows pre-wash (circle

symbols) and post-wash (square symbols) data for three block copolymer compositions:

5.0-b-2.5 (green), 5.0-b-5.6 (red), and 5.0-b-12.0 (blue). This highlights the effect of

washing and polymer composition on adsorption behaviour and kinetic properties. Note

that a colour change has been implemented to emphasise the spread of data for clarity.

From the plot, it is evident that there is no real general trend of increasing mass adsorbed

with increasing rate constant across all samples. However, there are noticeable variations

between the pre-wash and post-wash stages, which are crucial for understanding the effect

of the washing process on the adsorption behaviour of the copolymers.

For the 5.0-b-2.5 (green) sample, both pre-wash and post-wash data points (light green) are

clustered towards the lower end of the rate constant spectrum, with mass adsorbed values

ranging from approximately 100 to 250 ng/cm². There is little reduction in mass adsorbed

post-wash, indicating that the washing process does not affect the adsorption stability of
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this copolymer.

The 5.0-b-5.6 sample (red) shows a broader distribution across the rate constant range. Pre-

wash data points are scattered between 275 and 450 ng/cm², while post-wash data points

are less scattered and slightly lower in rate constant, suggesting a moderate reduction in

mass adsorbed after washing.

For the 5.0-b-12.0 sample (blue), pre-wash data points show a significant spread with higher

mass adsorbed values, up to 450 ng/cm². Post-wash data points also exhibit a wide distribu-

tion but generally show a slight decrease in mass adsorbed, particularly at higher adsorption

kinetics values.

Figure 4.9 highlights distinct adsorption behaviours and the impact of the washing process on

different PEO-b-PDMAEMA block copolymers. The 5.0-b-2.5 sample demonstrates the most

significant reduction in mass adsorbed after washing, indicating lower stability of adsorption.

This suggests that the 5.0-b-2.5 copolymer may not be as effective in applications requiring

high adsorption stability post-wash.

The 5.0-b-5.6 sample shows a moderate reduction in mass adsorbed post-wash, with a more

consistent distribution of data points. This indicates a relatively stable adsorption behaviour

with moderate resistance to washing, making it a potentially better candidate for applications

where some degree of post-wash stability is required.

The 5.0-b-5.6 sample exhibits high adsorption values pre-wash and retains relatively high

mass adsorbed values post-wash. The high mass adsorbed values indicate a strong adsorption

capacity and good post-wash stability. This suggests that the 5.0-b-5.6 copolymer could be

the most suitable for applications demanding high adsorption performance and stability after

washing.
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4.2.3 Binding Energy

Figure 4.10 shows a plot of first-order adsorption constant versus concentration, fitted to

the equation of a straight line. This was done to determine the binding energy of the block

copolymer samples using equations 4.1 and 4.2. As illustrated in Figure 4.6, the equation

of a straight line (y = mx + c) allowed the values of Ka and Kd to be obtained from the

relationship between m and c, giving keq as shown in equation 4.6. The results of the

reaction rate calculations, the equilibrium constant shown in Figure 4.1, and the free energy

of adsorption shown in Equation 4.2 were utilised to obtain the binding energies of the block

copolymers.

Data for the block copolymer sample 5.0-b-2.5 showed that the Langmuir model for adsorp-

tion kinetics did not show the expected linear relationship with increasing concentration.

Therefore, modifying the mechanism and applying a different equation to fit the data might

have been necessary. For the sake of this study, it was assumed that the binding energy was

low for the block copolymer 5.0-b-2.5 and it was not considered when comparing the bind-

ing energies among the block copolymers. The results of 5.0-b-2.5 confirm that the surface

adsorption is independent of the concentration as seen in Figure 4.8.
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Figure 4.10: Determination of binding energy for 5.0-b-2.5 (light green), 5.0-b-5.6 (green)

and 5.0-b-12.0 (dark blue) also the relationship of a straight line for 5.0-b-5.6 and

5.0-b-12.0 is illustrated.

The adsorption process can be considered as an equilibrium one, from equation 4.1. The

equilibrium constant for absorption is

kobs =
ka
kd

(4.7)

and this can be written in terms of the free energy change ∆G for the process

∆G = −RT ln kobs (4.8)

where:

• R is the universal gas constant (8.314 J mol−1 K−1),
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• T is the absolute temperature in Kelvin, here 298 K.

Utilising Figure 4.6 and equations 4.8, the binding energy for block copolymer samples 5.0-

b-5.6 and 5.0-b-12.0 was determined, obtaining Gibbs free energy values of 8.8 kJ/mol and

7.5 kJ/mol, respectively. These positive values suggest desorption is slightly favoured in the

process. Block copolymer, 5.0-b-12.0 attained a Gibbs free energy only slightly lower than

the 5.0-b-5.6.

4.2.4 Effect of foulant on block co-polymer

Figure 4.11 shows the effect of adsorbing Bovine Serum Albumin (BSA) on the QCM sensor

surface established by adsorbing the block copolymers. In Region 1 of Figure 4.11, from 100

to 2230 seconds, the block copolymers were introduced into the system. Once they reached

the sensor surface, there was an increase in mass adsorbed onto the surface, indicated by a

change in the QCM signal as discussed in the previous sections. 5.0-b-2.5 (light green line)

exhibited the lowest mass adsorption onto the surface, followed by 5.0-b-12.0 (dark blue line),

with 5.0-b-5.6 (green line) exhibiting the highest amount of mass adsorbed onto the surface.

Polymer injection occurred at approximately 100 seconds, and polymer adsorption onto the

surface took place at approximately 200 seconds.
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Figure 4.11: Plot overlaying the change in mass adsorbed in ng cm-2 against time in

seconds for the block copolymers at a concentration of 200 ppm. Region 1 represents the

polymer adsorption, region 2 is the deionised water rinse, region 3 is the BSA adsorption,

and Region 4 is the final deionised water rinse.

Block copolymer 5.0-b-5.6 adsorbed the most, with a mass of 417± 15 ng cm-2 at a concen-

tration of 200 ppm. This may be due to the PDMAEMA anchoring segment of the block

copolymer having a strong electrostatic attraction to the silicon dioxide surface from the

tertiary amine group. Block copolymer 5.0-b-12.0 adsorbed 414± 50 ng cm-2 at a concentra-

tion of 200 ppm, while block copolymer 5.0-b-2.5 adsorbed 200± 5 ng cm-2 at 200 ppm. The

lower adsorption of 5.0-b-2.5 may be attributed to its having fewer PDMAEMA anchoring

segments on the surface, resulting in a decrease in the mass adsorbed.

In Region 2 of Figure 4.11, deionised water was introduced into the system from approxi-

mately 2260 to 3660 seconds, with adsorption onto the surface occurring at approximately

3000 seconds. This region constitutes the first deionised water wash in the system. All
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three block copolymers showed no change in mass adsorbed on the surface when deionised

water was introduced. This suggests that the polymers are being adsorbed irreversibly onto

the sensor’s surface, indicating no further polymer adsorption during Region 2. This may

also suggest that the block copolymers were physisorbed onto the surface, meaning that the

polymers had strong electrostatic interactions with the silicon dioxide surface.

At the start of Region 3 in Figure 4.11, BSA was introduced into the system, from approxi-

mately 3850 to 7780 seconds. BSA did not reach the sensor surface until approximately 3950

seconds. Upon interaction with the surface, the mass adsorbed onto the surface increased

significantly for each polymer sample, indicating that none of the polymers were suitable

candidates for anti-fouling performance.

In all cases, there was a substantial increase in the amount of deposition when the surfaces

were first contacted with BSA, taking approximately 88 seconds to occur. This amount then

decreased initially rapidly over about 144 seconds and then more slowly. The mass adsorbed

on 5.0-b-2.5 decreased smoothly to approximately 544 ng cm-2 over 3200 seconds, while the

mass for the other two systems decreased at first smoothly and then in some discontinuous

jumps. All block copolymers formed a fairly uniform concentration, significantly higher than

the block copolymer alone, after approximately 1500 seconds. The data suggested that at

the 200 ppm concentration, the block copolymers did not exhibit an antifouling effect. When

deionised water was passed over the sensor’s surface at approximately 8345 seconds, the mass

adsorbed increased further, suggesting the formation of a hydration layer formed from the

deposition of the BSA in region 3.

Region 4 constituted the final wash, occurring between 7800 to 9650 seconds, with deionised

water adsorption occurring at approximately 8590 seconds. For all three block copolymers,

there was an increase in mass adsorbed onto the surface, indicating that a hydration layer

may have formed on the surface upon the BSA wash.
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The results demonstrate that under the conditions studied here, there was no inhibition of

adsorption as measured by the QCM probe; for all three block copolymers, the addition of

BSA led to an increase in deposition. Despite the findings discussed in Chapter 2, these

block copolymers did not resist deposition. The reasons for this are unclear; it may be that

the polymers did not fully cover the surface leaving space for further adsorption. Another

factor could be the concentration levels: the polymers were investigated in parts per million

(ppm), whereas the BSA concentration used was 2g/L (0.1 g in 50 mL of deionised water).

This means the polymer has been exposed to a much higher concentration of BSA, which is

one million times greater than the 200 ppm concentration of the block copolymers.

4.2.5 Hydration Layer - QCM

As shown here, the block copolymer samples used did not prove to be ideal candidates for

antifouling, despite earlier literature suggesting that PEO is highly effective for this purpose

(Chapter 2). However, the data shown here suggests that the block copolymer PEO-b-

PDMAEMA there is strong adsorption of the PDMAEMA segment to the silicon dioxide

surface. Consequently, attention turned to exploring the potential of the PEO segment. As

highlighted in Chapter 2, PEO is known to create a hydration layer that effectively prevents

fouling. This section will therefore focus on experiments that densely pack the surface with

polyethylene glycol chains to maximise their antifouling properties; a fully packed surface is

then studied to analyse its properties.

To achieve optimal anti-fouling properties, PEG needed to be densely packed onto the

gold QCM sensor surface. Uniform monohydroxyterminated PEG (PEG-OH) and uniform

monothiolterminated PEG (PEG-SH), were purchased from Sigma and Jenkem, respectively,

were dissolved together in deionised water, with PEG-OH at a concentration of 40% and

PEG-SH at 0.01 g/mL. The material was left for 24 hours to allow the dissolution process

to occur, and the solution was left to dissolve overnight at room temperature on a stirrer
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plate, the solution took one day to dissolve and was very viscous so was left overnight to

ensure complete homogeneity. Gold-coated silicon sensors were then immersed in these PEG

solutions for 24 hours. PEG-SH irreversibly adsorbed to the gold surface, while PEG-OH ef-

fectively filled the excluded volume, enabling higher grafting densities than would otherwise

be feasible.

After immersion, the samples were removed from the solution, rinsed with water, and dried

with nitrogen. They were subsequently treated with chloroform and sonicated for 10 minutes

to eliminate any unbound PEG. Following another rinse with deionised water, the samples

were dried under nitrogen and stored in degassed ethanol. Before measurements, thorough

rinsing with ethanol and drying with nitrogen was conducted. Figure 4.12 illustrates the

procedural steps taken to achieve the desired grafting density of PEG on the gold sensors.

The method was adopted by Zhang et al143, the specific amount of PEG was unknown as the

aim of this measurement was to prove that PEG is good at antifouling and to not quantify

how much PEG had been adsorbed onto the gold QCM sensor.
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Figure 4.12: Experimental procedure for densely packing PEG-OH and PEG-SH onto a

gold QCM sensor in order to maximise surface coverage of PEG.

QCM was used first to confirm that PEG is an effective candidate for antifouling applications,

as suggested in Chapter 2. This will help to test the hypothesis that block copolymers

did not fully pack onto the QCM surface—hence their poor performance in repelling BSA

(concentration of 2 g/L).

Figure 4.13 illustrates one out of four QCM data plots of mass adsorbed (ng cm-2) against

time (seconds) for the densely packed PEG-OH/SH terminated polymer on the QCM gold

sensor surface. The plot shows a lot of scatter demonstrating the sensitivity of the QCM

instrument.
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Figure 4.13: QCM measurement of densely packed PEG-OH/SH onto a gold QCM sensor

at a constant flow rate of 56.54 µL min−1. Region 1 is deionised water flow, Region 2 is

BSA solution added and Region 3 is deionised water flow again.

Region 1 in Figure 4.13, the first 1000 seconds of the experiment, involved the flow of

deionised water over the gold QCM sensor’s surface at a constant flow rate of 56.54 µL/min.

Deionised water was used to establish a baseline and to observe the impact of BSA on the

mass adsorbed of the PEG-OH/SH chains.

Region 2, extending from approximately 1100 seconds to 4700 seconds, involved the intro-

duction of BSA (concentration of 2 g/L) into the system. The data shows that very little

BSA managed to adsorb onto the sensor’s surface, approximately 45 ng cm-2. This is signif-

icantly less than the amount of BSA deposited on the block copolymer samples (see Figure

4.11). This finding indicates that PEG is indeed a suitable candidate for antifouling.

Region 3 indicates the results of another deionised water wash, between approximately 4750

to 5900 seconds. During this stage, about 15 ng cm-2 of BSA was washed off, further

indicating that not much BSA had deposited onto the surface. Approximately 30 ng cm-2 of
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BSA remained on the surface after the final deionised water flow in region 3.

This QCM measurement confirms that PEG is an adequate candidate for antifouling ap-

plications. The results suggest it is possible to generate effective antifouling properties by

densely packing the surface with polymer chains to prevent BSA from adsorbing onto the

sensor’s surface. However, this preparation method is complex and is not feasible for realistic

systems. The data also suggests that the block copolymers were less than fully adsorbed on

the surface - that should full adsorption have occurred greater inhibition of adsorption of

BSA would have been found.

4.2.6 Hydration Layer - AFM

The reason for this measurement is to demonstrate that deionised water acts as a hydration

layer that repels proteins (foulants). To validate this, two systems were compared: one using

deionised water and the other using an organic solvent, specifically hexadecane.

To elucidate the molecular mechanism behind PEG’s antifouling efficacy, as demonstrated

by the QCM data (Figure 4.13), AFM-based force spectroscopy was used to measure the

surface adhesion between a borosilicate sphere (8 µm) and the PEG surfaces in both water

and hexadecane. The removal measure results are presented in Figure 4.14(b), the curves

shown are for the withdrawal of the sphere from the surface. The findings reveal that

the adhesion in water is significantly lower, nearly 0 nN, compared to hexadecane, which

exhibits an average adhesion value of 8 nN. This indicates adhesion between PEG and the

borosilicate sphere in hexadecane, demonstrating strong attractive interactions such as Van

der Waals forces between the borosilicate probe and the PEG chains when the two surfaces

are separated.

Figure 4.13(a) illustrates how terminally attached PEG chains form on a solid substrate,

showing a water layer amongst the PEG chains and protein, which resists protein adsorption.
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Jeon et al.74 modelled proteins as finite spherical particles and found that increasing the chain

length of a polymer with a known surface density resulted in higher protein resistance. This

figure demonstrates how PEG chains are oriented on the substrate surface in water and

how this affects protein deposition, indicating that a high surface density and long chain

length of PEG are desirable for protein resistance. PEG has long been proposed as an

effective antifouling material because of its strong hydration properties.61 The hydration

layer creates a repulsive force when a foulant (protein) approaches the PEG chains. When

polyethylene glycol (PEG) molecules are exposed to a good solvent such as water, the brush

layer becomes solvated, meaning that polymeric molecules and water molecules co-exist in

the so-called ‘hydration layer’. While water molecules are, of course, present in the bulk

phase, the resistance to protein adsorption is primarily due to the steric repulsion of the

hydrated polymer layer, not the presence of the water layer itself as shown in Figure 4.13(a).

Thus, Figure 4.14(b) indicates that there is no attraction between the two surfaces in contact,

showing that the water acts as a barrier, preventing the borosilicate sphere from attracting

to the PEG chains. Since there is no attraction, steric repulsion is present.

Figure 4.14 (b) displays an AFM adhesion force curve of thiol PEG in deionised water

(shown in red dashed line) and thiol PEG in hexadecane (shown in blue line). Both systems

were tested on a gold-coated QCM sensor with a functionalised borosilicate cantilever tip to

determine the adhesion force during the retract curve. Figure 4.14 (c) provides a quantitative

representation of Figure 4.14 (b), illustrating the adhesion force in nanonewtons.
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Figure 4.14: (a) Effect of hydration layer on protein adsorption. (b) AFM Adhesion Force

curve (retract curve) of Thiol PEG in deionised water (red) and Thiol PEG in hexadecane

(blue) on a gold QCM sensor coming into contact with a functionalised borosilicate

cantilever tip. (c) A quantified approach of (b) showing the measured adhesion of the

borosilicate cantilever tip being pulled away from the coated surface. The adhesion of an

average of 300 force curves was plotted for part (c).
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4.2.7 Thickness of block copolymer samples in deionised water

It is not clear from the previous data what confirmation the block copolymers form on the

surface. The thickness of the adsorbed block copolymer chains on a silicon dioxide QCM

sensor was thus measured using AFM. Measurement was carried out on a silicon dioxide

sensor because this surface closely resembles that of a glazed ceramic tile, which is used in

toilet bowl applications. The purpose of this measurement was to understand, at a nanoscale

level, the thickness at which the block copolymers had deposited onto the surface and the

configuration of deposition. As shown in Figure 4.11, none of the block copolymers exhibited

effective antifouling properties. Therefore, it was essential to determine the extent of their

deposition. Unlike PEG, which adheres efficiently to the sensor surface (as discussed on

page 123), the block copolymers may not adhere as effectively. Consequently, measuring the

thickness of the block copolymer samples in deionised water could provide insight into the

extent of deposition onto the sensor surface.

Measurements were carried out in deionised water to allow the chains to elongate from the

substrate surface, the silicon dioxide QCM sensor. A functionalised polystyrene (purchased

from Cospheric) cantilever tip was used to isolate the charge interactions between the block

copolymer chains, which are electrostatic, and the cantilever tip. This ensured that no ex-

traneous factors impacted the data, allowing accurate measurement of the thickness of the

deposited polymers in solution on the QCM sensor surface. Figure 4.15(a) illustrates the

approach curves of the block copolymers in a wet film (in a deionised water environment),

with an uncoated silicon dioxide sensor acting as the control. Figure 4.15(b) shows a dia-

grammatic representation of how the cantilever comes into contact with the elongated block

copolymer chains.

A quantitative evaluation of the block copolymer deposition layer’s thickness was performed

by measuring the onset of repulsion upon contact. Figure 4.15(a) presents representative

approach curves for all three block copolymers, along with the control, an uncoated silicon
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dioxide sensor. Wherever the curves differ from the uncoated control this can be attributed

to the block copolymers layer. Notably, the block copolymer 5.0-b-2.5 exhibited the largest

wet thickness, approximately 60 nm, as shown in part (a) of Figure 4.15: at ca. 60 nm from

the surface the force curve separates from the control. This thickness is more pronounced

compared to the other two block copolymers, suggesting that the 5.0-b-2.5 film was well

solvated in deionised water, causing the chains to extend far from the supporting substrate

and thus inducing steric repulsion.

As shown in Figure 4.15(a), the block copolymer 5.0-b-5.6 has a wet film thickness of ap-

proximately 40 nm, while 5.0-b-12.0 exhibited the smallest wet thickness at around 25 nm.

Despite 5.0-b-2.5 having the smallest anchoring segment, it possesses the largest PEO group,

which does not bind to the surface but rather faces the bulk solution. This indicates that

the PDMAEMA segment is the primary factor involved in surface deposition.

It can be observed that as the anchoring segment, which is the PDMAEMA group within

the block copolymer chains, increases, the thickness decreases in a wet film environment.

Additionally, it can be said that the block copolymer sample 5.0-b-2.5, which has the highest

wet film thickness, is also the most effective polymer at antifouling BSA. This is evidenced

by Figure 4.11, where it absorbed the least amount of BSA in ng/cm2 during region 3 of the

plot compared to the other two block copolymers.
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Figure 4.15: (a) Interfacial interactions are measured by the AFM when approaching a

polystyrene particle of 9.5 - 11.5 µm towards the block copolymer samples at 200 ppm. (b)

Schematic illustration of the configuration of the block copolymer deposited onto the

surface as the cantilver tip is approaching the block copolymer chains.

4.3 Conclusions

This chapter delves into the intricate surface interactions between negatively charged surfaces

and block copolymers composed of polyethylene oxide (PEO) and varying proportions of

poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). The primary aim was to develop

a surface protective additive capable of repelling dirt and minimising soil attachment, with

a focus on antifouling applications in toilet bowl systems—an area currently underserved by

commercial additives.

The study employed Quartz Crystal Microbalance (QCM) and Atomic Force Microscopy

(AFM) to monitor the mass adsorption of the block copolymers in real time and at different

concentrations. QCM provided insights into adsorption kinetics, essential for understanding
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the rate and extent of polymer adhesion to the sensor surface. AFM enabled the measurement

of copolymer thickness and the adhesion of PEG-OH/SH on the sensor surface. Together,

these techniques offered a comprehensive view of how various copolymer architectures impact

surface coverage, adsorption kinetics, binding energies, and antifouling behaviour.

The results underscored the significant role of electrostatic interactions in the adsorption

process. The hypothesis was that increasing the PDMAEMA segment in the block copolymer

would lead to higher mass adsorption onto the silicon dioxide sensor surface due to stronger

electrostatic interactions from the positively charged groups. However, a linear correlation

between the PDMAEMA ratio and adsorption mass was not consistently observed. This

discrepancy suggests that factors such as molecular configuration, steric hindrance, and the

dynamic behaviour of the solution copolymers play substantial roles in influencing adsorption

behaviour.

Adsorption kinetics provided crucial information about the interaction rate of the block

copolymers with the surface, while the data on mass and moles adsorbed offered a quanti-

tative measure of polymer adherence.

Figure 4.8 illustrates that the 5.0-b-5.6 copolymer displayed the fastest adsorption rate for

concentrations greater than 100 ppm, indicating strong early interactions with the surface,

likely due to an optimal balance between the hydrophilic PEO segments and the anchor-

ing PDMAEMA segments. The adsorption kinetics followed a typical trend, with the rate

decreasing as the surface approached saturation.

The mass adsorption data, shown in Figure 4.5b, revealed that the 5.0-b-5.6 copolymer

achieved the highest mass adsorption. This substantial uptake correlates with its favourable

adsorption kinetics, suggesting that the copolymer’s architecture supports both rapid and

significant surface interaction. The moles adsorbed data further corroborates this, show-

ing that the 5.0-b-5.6 copolymer had the highest number of moles adsorbed per unit area,

indicating effective surface coverage.
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In contrast, the 5.0-b-12.0 copolymer, despite slower initial kinetics, ultimately reached a

comparable level of mass adsorption but exhibited a distinct adsorption profile. The slower

initial adsorption likely resulted from steric hindrance due to the higher PDMAEMA content,

which may have delayed surface interaction. Nonetheless, the continued mass uptake over

time suggests that once initial adsorption occurs, the copolymer can achieve substantial

surface coverage, though the moles adsorbed were slightly lower than those of the 5.0-b-5.6

copolymer.

The 5.0-b-2.5 copolymer, with its lower PDMAEMA content, demonstrated the least mass

adsorption and the fewest moles adsorbed. This indicates that insufficient PDMAEMA

content may result in weaker interactions with the surface, leading to lower mass uptake and

fewer moles adsorbed, which translates to less effective surface coverage.

Analysis of adsorption behaviour for the three PEO-b-PDMAEMA block copolymers (5.0-

b-2.5, 5.0-b-5.6, and 5.0-b-12.0) relative to rate constants revealed no consistent trend of

increasing mass adsorbed with higher rate constants. Washing affected each copolymer

differently: the 5.0-b-2.5 copolymer showed minimal change in mass adsorbed post-wash,

indicating lower adsorption stability and making it less suitable for applications requiring

high post-wash stability. The 5.0-b-5.6 copolymer experienced a moderate reduction in mass

adsorbed after washing, with relatively consistent data distribution, suggesting moderate

stability and suitability for applications needing some post-wash stability. Conversely, the

5.0-b-12.0 copolymer maintained high mass adsorbed values even after washing, with a broad

distribution indicating strong adsorption capacity and good post-wash stability.

Introducing Bovine Serum Albumin (BSA) into the QCM system provided a thorough evalu-

ation of the block copolymers’ antifouling potential. The data showed that these copolymers

did not exhibit promising antifouling properties. Despite the initial irreversible adsorption of

these copolymers, no antifouling effect was observed with the introduction. Each copolymer

showed increased mass deposition upon BSA interaction, indicating ineffective resistance
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to protein fouling. Additionally, the presence of a hydration layer, indicated by a further

mass increase during the final wash, suggests that BSA deposition led to increased surface

hydration. The lack of antifouling performance may be due to inadequate surface coverage

by the polymers or the high concentration of BSA used in the experiments, which may have

overwhelmed the copolymers’ adsorption capabilities. Under the conditions studied, these

block copolymers did not demonstrate effective antifouling properties.

QCM measurements confirm that PEG is a viable candidate for antifouling applications. The

results suggest that effective antifouling properties might be achieved by densely packing the

surface with polymer chains to prevent BSA adsorption onto the sensor’s surface. However,

this preparation method is complex and impractical for realistic systems. The data also

suggest that the block copolymers were not fully adsorbed on the surface—greater inhibition

of BSA adsorption might have been observed with full adsorption.

AFM was used to measure the thickness and configuration of block copolymer deposits on a

silicon dioxide QCM sensor, aiming to understand their nanoscale deposition and antifouling

properties. The results indicated that none of the block copolymers exhibited effective

antifouling characteristics, as none could prevent BSA adsorption. AFM measurements

revealed that the 5.0-b-2.5 copolymer formed the thickest wet film, approximately 60 nm,

due to its larger PEO group extending further from the substrate. In contrast, the 5.0-b-

5.6 and 5.0-b-12.0 copolymers had smaller wet film thicknesses of about 40 nm and 25 nm,

respectively. This suggests that the PDMAEMA segment, which anchors the copolymer to

the surface, significantly influences deposition extent, with a larger PEO group contributing

to greater film thickness. Notably, despite having the smallest anchoring segment, the 5.0-

b-2.5 copolymer showed the highest antifouling efficacy by absorbing the least BSA. This

implies that the thickness of the copolymer film and surface coverage are crucial factors in

its antifouling performance.
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These findings have significant implications for developing advanced ceramic coatings for

sanitary applications. The detailed analysis of mass and moles adsorbed, kinetics, binding

energies, and interactions with foulants provides valuable insights for selecting and designing

block copolymers tailored to specific needs.

For instance, the 5.0-b-5.6 copolymer stands out as a strong candidate for coatings requiring

high adsorption efficiency and rapid kinetics, crucial for robust and swift film formation

on toilet ceramics. Additionally, the thermodynamic favourability observed in the binding

energy calculations suggests that this copolymer has the potential for long-term stability,

making it ideal for applications demanding durability and longevity.

The study also emphasises the need to address antifouling capabilities. The interaction

with foulants, particularly with PEG functionalisation, highlights the necessity for further

modifications to improve resistance to biofouling—a common issue in toilet ceramics.

In conclusion, this chapter provides an in-depth investigation into the adsorption and an-

tifouling potential of PEO-b-PDMAEMA block copolymers on negatively charged surfaces.

Utilising QCM and AFM, the study elucidates how copolymer architecture influences surface

coverage, adsorption kinetics, and antifouling behaviour. The results reveal that 5.0-b-5.6

copolymer enhances mass adsorption due to stronger electrostatic interactions, effective an-

tifouling properties were not achieved, likely due to inadequate surface coverage and high

BSA concentrations. Notably, the 5.0-b-5.6 copolymer demonstrated the best balance of

adsorption efficiency and rapid kinetics, suggesting its potential for applications requiring

quick film formation and stability. These findings highlight the need for further refinements

to improve antifouling capabilities and provide valuable insights for developing advanced

coatings in sanitary environments.

Using QCM, the molecular properties influencing surface deposition were identified, allowing

for the quantification of copolymer adsorption onto the sensor surface and the determination

of adsorption rates. These techniques were instrumental in developing the protocols necessary
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to achieve the objectives aligned with Innospec’s aims. Subsequently, Innospec supplied

random copolymers (see Table 5.2) to identify which additives could effectively prevent

fouling in toilet bowls. The methods developed in this chapter are applied to candidate

chemistry supplied by Innosoec.
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Chapter Five

The Effect of Random Co-polymer

Architecture on its Surface Deposition

5.1 Introduction

Following the block copolymer study in the previous chapter which developed a range of

experimental techniques for studying the adsorption behaviour of chemicals on a nanoscale,

Innospec provided four samples as outlined in Table 5.1. A study was designed in which sam-

ples were provided without prior knowledge of their composition before conducting the QCM

measurements. These mixtures were based on the PEO-b-PDMAEMA block copolymer sam-

ples studied in the previous chapter but with additional Innospec additives incorporated into

the mix. The polymers in the study were selected by Innospec to span a variety of chem-

ical functionalities, demonstrating differing cleaning abilities during testing. This selection

made them suitable for evaluating using QCM to compare results with Innospec’s testing

standards.

The samples were examined at a concentration of 200 ppm, a concentration recommended

by Innospec based on typical operating concentrations of commercial cleaning products. At
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least four QCM measurements were performed for each of the four random copolymers listed

in Table 5.1 to observe the adsorption and desorption of molecules in a real-time system.

For experimental details, refer to Chapter 3, section 3.1.5.

The random copolymers provided by Innospec were tested on silicon dioxide sensors in the

QCM measurements. The choice of silicon dioxide as the substrate was deliberate because its

surface closely resembles the glazed ceramic surface of a toilet bowl. This similarity ensures

that the test conditions are relevant to the intended application environment.

This study aimed to determine which polymer exhibited the best antifouling properties by

introducing Bovine Serum Albumin (BSA) to the system after the post-wash. Once the

behaviour was established, the findings were reported back to Innospec, after which another

experimental matrix was constructed as shown in Table 5.2. The polymers in the study were

provided by Innospec, encompassing a variety of chemical functionalities. They exhibited

varying cleaning abilities during testing.

In this chapter, the focus is solely on DLS and QCM techniques. DLS was employed both

to ascertain the size of the random copolymer molecules and to examine whether changes

in pH affected the size of the random copolymer molecules in the solution, considering that

this analysis had been conducted in a bulk solution. Since the polymer molecules were not

spherical, the Stokes-Einstein equation (that assumes a spherical molecule) did not directly

apply.

Zeta Potential measurements were also conducted to assess the charge of the solutions as

a function of pH. This enabled the determination of the charge of the molecules as the

environment transitioned from acidic to basic, covering the pH range from 2 to 10. pH served

as the primary determinant of zeta potential. A zeta potential value without a corresponding

pH reference lacks substantial significance on its own.120
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QCM was utilised as this project emphasised the deposition aspect of the polymer behaviour.

QCM enabled a deeper exploration of the absorption and desorption dynamics of the polymer

molecules in a real-time, dynamic system, which could be determined using the Saurbrey

equation. Additionally, the rate constant of the polymer molecules onto the surface can be

analysed, which could be modelled using the first-order Langmuir isotherm equation98,106

given in section 3.1.6.

Overall, this chapter investigates the effect of pH on random copolymers in solution using

Dynamic Light Scattering (DLS) to determine the size and charge of the polymers at different

pH levels in bulk solution. Quartz Crystal Microbalance (QCM) was employed to evaluate

the impact of pH on the mass adsorbed onto the silicon dioxide sensor and to determine the

rate constant of adsorption, all samples were tested at a concentration of 200 ppm.
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5.2 Results and Discussion

5.2.1 Study of random copolymers provided by Innospec

Figure 5.1 describes the chemical structures of the monomers in the study. The acronyms rep-

resent the following monomers: 2-(dimethylamino) ethyl methacrylate known as DMAEMA

(blue), Acrylic acid known as AA (red), 2-(methacryloyloxy)ethyl[trimethylammonium chlo-

ride] known as MAETAC (black), Iso-octyl acrylate (green) known as i-OA, Ethylene glycol

dimethacrylate (purple) known as EGDMA, and Dodecanethiol known as DDT (pink).

Figure 5.1: Chemical structures of the monomers in the study. 2-(dimethylamino) ethyl

methacrylate known as DMAEMA (blue), Acrylic acid known as AA (red),

2-(methacryloyloxy)ethyl[trimethylammonium chloride] known as MAETAC (black),

Iso-octyl acrylate (green) known as i-OA, Ethylene glycol dimethacrylate (purple) known

as EGDMA, and Dodecanethiol known as DDT (pink).

Table 5.1 shows the initial composition of the random copolymer samples provided by In-

nospec, detailing their weight (Wt) ratios, Mol ratios and acronyms for the monomers as

part of the study. The ratios listed alongside the acronyms indicate the weight ratios of the

monomers used during the synthesis process which have then been converted into mol ratios.
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Table 5.1: Initial compositions of the random co-polymer samples provided by Innospec

illustrating their weight (Wt) ratios, Mol ratios, and chemical structures for the study.

Random Co-polymer Wt Ratio Mol Ratio

DMAEMA:AA 95:5 90:10

MAETAC:AA 90:10 86:14

i-OA:MAETAC 10:90 10:90

MAETAC:AA:EGDMA:DDT 40:40:10:10 22:66:6:6

Figure 5.2: Plot overlaying the change in mass adsorbed in ng cm-2 against time in seconds

for the initial random copolymers supplied (composition given in Table 5.1) by Innospec at

a concentration of 200 ppm. Region 1 represents the polymer adsorption, region 2 is the

deionised water rinse, region 3 is the BSA adsorption, and region 4 is the final deionised

water rinse.
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Figure 5.2 illustrates the change in mass of the random copolymers adsorbed onto the sensor

throughout the QCM measurements. The plots have been overlaid to visualise how each

polymer responded to different stages in the QCM measurement process. All plots have

been normalised to facilitate the explanation of the figure.

Figure 5.3: Mass adsorption of the random copolymer samples obtained via QCM

measurements at the different stages of adsorption (see Figure 5.2). One hundred data

points were collected for the mass adsorbed when the system was equilibrated. (i) Pink

represented polymer adsorption in Region 1, 1800 to 1900 seconds; (ii) orange represented

post-wash in Region 2, 4560 to 4660 seconds; (iii) green represented BSA adsorption in

Region 3, 9660 to 9760 seconds; (iv) and blue represented the final rinse in Region 4, 13000

to 14000 seconds. The error bars represent the standard error of the mean (SEM).

In Region 1, from 150 to 2000 seconds, polymer is introduced into the system. The polymer

injection occurred at approximately 109 seconds, and polymer adsorption onto the surface

took place at approximately 150 seconds. Once the polymers have reached the sensor surface,

there is an increase in mass adsorbed onto the surface shown by a change in QCM signal.

140



The Effect of Random Co-polymer Architecture on its Surface Deposition

MAETAC:AA (orange line) exhibits the highest adsorption onto the surface, followed by

DMAEMA:AA (blue line), then MAETAC:AA:EGDMA:DDT (red line), and the polymer

with the least adsorption during Region 1 was i-OA:MAETAC.

MAETAC:AA adsorbed the most, with a mass of 646± 36 ng cm-2 (error method calculated

by the standard error of the mean (SEM)) as shown in Figure 5.3, which plots polymer

adsorption in region 1, 1800 to 1900 seconds. This may be attributed to the fact that it

contained a permanent quaternary ammonium cation within the MAETAC. This renders it

more positively charged than DMAEMA:AA, which adsorbed 378± 21 ng cm-2, as shown in

Figure 5.3. As MAETAC contains a permanent positive charge, it strongly interacts with the

negative charges from the silanol groups on the silicon dioxide sensor surface, resulting in a

strong electrostatic force. Although DMAEMA contains a tertiary amine group, it does not

possess a permanent positive charge, thus exhibiting a less strong electrostatic interaction

with the SiO2 surface.

MAETAC:AA:EGDMA:DDT adsorbed 275± 15 ng cm-2 at region 1, with i-OA:MAETAC

adsorbing 123± 15 ng cm-2, illustrated in Figure 5.3.

As MAETAC:AA:EGDMA:DDT contains dodecanethiol, which contains of an inherently

insoluble hydrocarbon chain, this may lower the amount of mass adsorbed onto the surface.

Additionally, Ethylene glycol dimethacrylate (EGDMA) consists of two alkene chains, both

of which can propagate with the alkene group in MAETAC, resulting in crosslinking within

the polymer chains. This crosslinking induces structural rigidity, which may also reduce the

polymer’s adsorption onto the silicon dioxide surface.

Deionised water was introduced into the system from approximately 2900 to 4800 seconds,

and adsorption of deionised water onto the surface took place at approximately 3000 sec-

onds. Region 2 thus constitutes the first deionised water wash in the system. DMAEMA:AA,

MAETAC:AA:EGDMA:DDT, and i-OA:MAETAC all showed no significant change in mass

adsorbed onto the surface when deionised water was introduced, possibly due to the polymer
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already being adsorbed onto the sensor’s surface, resulting in no change in polymer adsorp-

tion during region 2. However, MAETAC:AA exhibited a clear change in mass adsorbed onto

the surface upon deionised water rinsing. The mass on the surface increased from 646± 36

ng cm-2 to 849± 79 ng cm-2, as shown in Figure 5.3. This increase may be attributed to the

polymer swelling on the surface from the deionised water wash.

Region 3 is the time when BSA was introduced into the system. BSA was added to the

system from approximately 4900 to 10500 seconds but did not reach the sensor’s surface

until approximately 5200 seconds. As soon as BSA interacted with the surface, the mass

adsorbed onto the surface increased significantly for each polymer sample, suggesting that

each polymer was not a good candidate for anti-fouling performance. However, as time pro-

gressed, BSA slowly began to be removed from the sensor’s surface, particularly in the case

of MAETAC:AA. A spike in MAETAC:AA (orange line) to 1690 ng cm-2 can be observed

at 5300 seconds, after which the mass adsorbed gradually decreased, indicating a reduction

in the mass adsorbed onto the surface over the time between ca. 5300 seconds to 10500

seconds. This suggests that BSA was being removed from the sensor surface in the MAE-

TAC:AA sample over time. The removal of BSA may be attributed to the formation of a

hydration layer formed during Region 2, which could have prevented BSA adsorption onto

the surface, causing it to detach slowly. The hydration layer, composed of water molecules

closely interacting with the polymer surface, forms a protective barrier that prevents foulants

from adhering to the surface. This layer effectively shields the surface from contaminants,

enhancing the polymer’s antifouling properties.61,138

Upon introducing BSA to the DMAEMA:AA system, there was a significant increase in

mass adsorption onto the surface between 5210 seconds to 10560 seconds. This suggests that

DMAEMA:AA is unsuitable for anti-fouling, as BSA remained on the surface over time.

Similar observations were made for the MAETAC:AA:EGDMA:DDT and i-OA:MAETAC

polymer systems, where BSA remained on the surface over time. Although there is much

less adhesion for these two polymers, BSA is still adsorbed onto the sensor surface, thus they
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were not considered for further investigation.

Region 4 constituted the final wash, occurring between 10500 to 14100 seconds. For the

polymer systems MAETAC:AA:EDGMA:DDT and i-OA-MAETAC, there was no significant

change in mass adsorbed onto the surface, indicating that the BSA remained on the surface

and none was washed away. However, for DMAEMA:AA, during the final rinse, there was

another increase in mass adsorbed onto the surface. This may have been due to a hydration

layer forming from the BSA deposition in the previous region.

For the MAETAC:AA polymer system during region 4, the mass adsorbed continued to

decrease during the final rinse stage. If the measurement had been allowed to continue,

it was assumed that the mass adsorbed at region 4 would return to the level of the mass

adsorbed at region 2, which was the polymer adsorption stage. This suggests that it was a

good candidate for anti-fouling properties.

As i-OA:MAETAC and MAETAC:AA:EGDMA:DDT adsorbed the least onto the surface,

they were not considered for further studies. Although Bovine Serum Albumin (BSA) ad-

sorbed the least onto the surface when exposed to i-OA:MAETAC and

MAETAC:AA:EGDMA:DDT, it did not completely detach from the sensor’s surface during

the wash step (region 4), unlike MAETAC:AA. This work aimed to elucidate why certain

polymers exhibited efficacy and to understand the underlying mechanism of adsorption.

MAETAC:AA demonstrated the highest adsorption onto the silicon dioxide QCM sensor,

while DMAEMA:AA showed less adsorption onto the QCM sensor in comparison to MAE-

TAC:AA. However, DMAEMA:AA absorbed the most BSA onto the sensor surface, as shown

in Figure 5.2.

The next objective was to combine polymers with differing adsorption characteristics at var-

ious weight ratios to determine if there was a discernible relationship between MAETAC

and DMAEMA. Since MAETAC:AA and DMAEMA:AA adsorbed the most onto the QCM

sensor surface and DMAEMA:AA adsorbed the most BSA onto the surface, as illustrated in
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Figure 5.2, region 3, the next aim was to understand whether combining all three homopoly-

mers to create random copolymers at varying ratios of MAETAC and DMAEMA (as shown

in Table 5.2) would reveal a relationship between MAETAC and DMAEMA and clarify how

polymer adsorption occurs as the DMAEMA content increased as shown in Table 5.2. Table

5.2 displays the compositions of the random copolymer matrix samples provided by Innospec.

Innospec supplied PolyMAETAC, while PolyAA and PolyDMAEMA were purchased from

Sigma Aldrich (United Kingdom).

Table 5.2: The compositions of the random copolymer matrix samples provided by

Innospec were determined based on the QCM results of the blind study. These

compositions are illustrated by their weight (Wt) ratios and molar (Mol) ratios. The rows

highlighted in blue are the polymers used in Chapter 6, Section 6.2.1, to facilitate

cross-referencing when discussing the results in Chapter 6.

Monomers AA:MAETAC:DMAEMA

Wt Ratios Mol Ratios

100:0:0 Pure AA

0:100:0 Pure MAETAC

0:0:100 Pure DMAEMA

10:90:0 24:76:0

10:80:10 24:66:11

10:60:30 22:47:31

10:45:45 22:34:45

10:30:60 21:22:57

10:10:80 20:07:73

10:0:90 20:00:80
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Figure 5.4: Chemical structures of the random copolymers: Acrylic Acid (AA),

[2-(methacryloyloxy)ethyl]trimethylammonium chloride (MAETAC),

and [2-(dimethylamino)ethylmethacrylate] (DMAEMA).

To study the effect of random copolymer architecture on its surface deposition, seven random

copolymers along with three homopolymers, shown in Figure 5.4, were analysed here. Figure

5.5 illustrates a schematic representation of the AA:MAETAC:DMAEMA random copolymer

structure and its adsorption on a silicon dioxide sensor. It was anticipated that the positively

charged segment of the random copolymer would adhere to the negatively charged sensor.
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Figure 5.5: (a) Schematic illustration of the random copolymer and (b) Schematic

illustration of the random copolymer adsorption onto the QCM sensor.

5.2.2 The Effect of pH Change on the Random

Copolymers’ Size in Bulk Solution

This section examines how pH influences the surface deposition of random copolymers com-

posed of acrylic acid (AA), (methacryloyloxy)ethyl[trimethylammonium chloride] (MAE-

TAC), and 2-(dimethylamino)ethyl methacrylate (DMAEMA), examples of the homopoly-

mers and random copolymers are shown in Table 5.2. Understanding the pH-dependent

behaviour of these copolymers is crucial for evaluating their effectiveness in various ap-

plications, especially those involving surface deposition. This is particularly relevant for

interactions with surfaces such as silicon dioxide, which are similar to the surface of a toilet

bowl.

Stock solutions were prepared to adjust the pH of the random copolymers. This involved

preparing a 1M solution of sodium hydroxide (NaOH) to make the solutions basic and a

1M hydrochloric acid (HCl) to make the solutions more acidic. To prepare the 1M NaOH

solution, 10 grams of NaOH was weighed into a weighing boat and transferred into a 250

mL flat-bottomed flask. The flask was then filled to the 250 mL mark with deionised water
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and inverted several times to ensure complete dissolution. This process resulted in the

preparation of 1M NaOH, which served as the base. The stock solution was subsequently

used to adjust the pH of the random copolymer solutions to a pH of approximately ten as

shown in Table 5.3. Ambient pH in Table 5.3 refers to the pH of the random copolymers in

deionised water, without the addition of any other substances, resulting in an uncontrolled

environment. The pH values for the random copolymers vary, as they represent the natural

pH each copolymer adopts in deionised water at a concentration of 200 ppm, without the

influence of any added acids or bases.

Table 5.3: Composition of the random copolymer mixtures of acrylic acid (AA),

(methacryloyloxy)ethyl[trimethylammonium chloride] (MAETAC), and

2-(dimethylamino)ethyl methacrylate (DMAEMA), along with their respective pH values

at 2± 0.08, ambient and 10± 0.08 .

AA:MAETAC:DMAEMA pH 2 Ambient pH pH 10

100:0:0 1.72 3.16 10.12

0:100:0 1.76 3.64 10.64

0:0:100 1.44 8.55 10.23

10:90:0 2.03 2.81 9.86

10:80:10 2.16 3.04 10.38

10:60:30 1.95 4.27 9.78

10:45:45 2.27 4.16 10.19

10:30:60 1.86 7.21 10.25

10:10:80 1.94 4.99 10.41

10:0:90 1.75 8.01 9.92

147



The Effect of Random Co-polymer Architecture on its Surface Deposition

To prepare an acidic stock solution to adjust the random copolymer samples to pH 2, 20.83

mL of 37% hydrochloric acid (HCl) was measured out. 37% HCl corresponds to approxi-

mately 12 mol/L. To obtain a 1M solution, 250 mL was divided by 12, resulting in 20.83

mL. Therefore, 20.83 mL (measured by a micropipette) of the 37% HCl solution was added

to a 250 mL flat-bottomed flask and then filled to the mark with deionised water. The flask

was then gently shaken and inverted several times to ensure thorough mixing.

To create a solution with a concentration of 200 ppm, 0.01 g of 10:90:0

(AA:MAETAC:DMAEMA) was placed in a 100 mL Duran bottle. The Duran bottle was

then filled with 50 mL of deionised water, resulting in a concentration of 200 ppm. Two

separate solutions were prepared, one adjusted to pH 2 and the other to pH 10 using 1M

HCl and NaOH respectively.

The 10:90:0 sample was used to create two pH samples, one at pH 2 and the other at

pH 10. However, this resulted in unanticipated polymer aggregation in solution, as shown

in Figure 5.6. To address this issue, a titration was conducted following the procedure

outlined by Zhang et al.144 The 200 ppm polymer solution was initially rendered extremely

acidic by adding 740 µL of HCl. Subsequently, a 1M NaOH solution was employed for the

titration, with simultaneous monitoring of pH changes as NaOH was gradually added drop-

wise. Deionised water served as the control, with pH adjusted to 2, followed by a dropwise

addition of 1M NaOH to the solution. The titration procedure commenced by slowly adding

1M NaOH drop by drop, while pH readings were recorded as a function of the volume of

NaOH added, as depicted in Figure 5.7.
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Figure 5.6: Aggregation of random copolymer 10:90:0 both at pH2 (left) and pH 10 (right).

A basic titration was conducted on the homopolymers in Table 5.2, namely, polyacrylic acid

(PAA), poly methacryloxy ethyl trimethyl ammonium chloride (PMAETAC), and

poly 2-(dimethylamino)ethyl methacrylate (PDMAEMA). To initiate this, the preparation

of solutions was necessary. This involved measuring 8 mg of the respective polymer and

introducing it into 40 mL of deionised water, allowing dissolution to occur naturally. Upon

achieving full polymer dissolution, pH measurements were promptly recorded. Subsequently,

740 µL of 1M HCl was introduced into the solution, followed by thorough mixing, and a pH

measurement was taken, denoted as the ’initial pH.’

Figure 5.7 depicts data on pH as a function of the sequential addition of NaOH for the

different systems. The data indicated an aggregated 10:90:0 solution (illustrated by the red

line with red triangles), displayed a remarkably swift response to NaOH, resulting in a rapid

change in pH. The 10:90:0 solution also exhibited a more rapid response to NaOH, which

suggested a lower electrolyte concentration in the system due to aggregation. Consequently,

less NaOH was required for this sample, as shown by the response to NaOH addition shown

in Figure 5.7.
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The titration for PolyDMAEMA is represented by the black line in Figure 5.7, demonstrating

that less NaOH was needed to shift the solution from acidic to basic. Subsequently, a fresh

10:90:0 solution was prepared a couple of days later from the aggregated pH to assess if the

random copolymer would still aggregate, which was found not to be the case. The behaviour

of the fresh 10:90:0 solution closely resembled that of PolyMAETAC, as observed in Figure

5.7. Given that 90% of the random copolymer solution consisted of PolyMAETAC, this

correlation was consistent with our expectations.

Notably, compared to PolyAA (depicted by the purple line), both the fresh 10:90:0 and Poly-

MAETAC solutions exhibited faster reactions to NaOH. This accelerated reaction implied

that less NaOH was needed to elevate the pH of the solutions to a basic level. As PolyAA

inherently carries a negative charge of the hydroxyl group, in solution, more NaOH was

added to the solution, giving a longer time for PolyAA to become basic.

Figure 5.7: A basic titration curve, showing the pH change whilst adding 1M NaOH drop

by drop to the homopolymer and random copolymer solution. All solutions under

investigation were set to approximately pH 2. This data was subsequently used to generate

a pH-versus-NaOH-added graph using Python.
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Table 5.3 and Figure 5.8 present a range of random copolymers composed of acrylic acid

(AA), (methacryloyloxy)ethyl[trimethylammonium chloride] (MAETAC), and

2-(dimethylamino)ethyl methacrylate (DMAEMA), along with their respective pH values

and z-average size in nanometres measured by Dynamic Light Scattering (DLS).

Table 5.3 illustrates the pH values of various random copolymer mixtures composed of

acrylic acid (AA), (methacryloyloxy)ethyl]trimethylammonium chloride (MAETAC), and

2-(dimethylamino)ethyl methacrylate (DMAEMA) at different composition ratios. The mea-

surements are taken at three distinct pH conditions: pH 2, ambient pH, and pH 10. For

example, a ratio of 100:0:0 indicates a composition of 100% AA, 0% MAETAC, and 0%

DMAEMA, while a ratio of 0:100:0 indicates 0% AA, 100% MAETAC, and 0% DMAEMA.

The table provides a clear view of how the composition of the copolymer mixtures affects

their pH values in different environments.

To adjust the pH of the random copolymers, 1M hydrochloric acid (HCl) was used to lower

the pH from their ambient pH to approximately pH 2, adding more protons to the mixture.

To increase the pH to approximately 10 from the ambient pH, 1M sodium hydroxide (NaOH)

was added to introduce more hydroxide ions to the mixtures. A Mettler Toledo pH probe,

a benchtop device, was used to measure the pH of the random copolymers accurately and

reliably. Before each measurement, the pH meter was calibrated using three buffer solutions,

for pH 4, 7 and 10. The reason for choosing pH 2 and pH 10 was to expose the random

copolymers to two extreme ends of the pH scale. This approach helps to understand how

different environments affect the polymers’ overall size, charge, mass adsorbed, and the rate

at which the polymers reach the surface of the silicon dioxide sensors.

151



The Effect of Random Co-polymer Architecture on its Surface Deposition

Figure 5.8: Z-Average in nm (measured by DLS) against AA:MAETAC:DMAEMA

(random copolymer samples) at pH 2 (pink), ambient (orange) and 10 (green) along with

their respective errors. Thus, 100:0:0 is 100% acrylic acid.

Figure 5.8 shows the average particle size (also known as z-average size) in nanometers

of the random copolymers in bulk solution with an increase in DMAMEMA content at a

concentration of 200 ppm. The size of the block copolymers was measured at three different

pH levels (Table 5.3): ca. pH 2, set using 1M HCl; ambient pH, representing the natural

pH of the random copolymers without any influence of acid or base, in deionised water at

200 ppm; and ca. pH 10, set using 1M NaOH. These measurements showed how the random

copolymers change under different environments and how they affect their overall size in

deionised water.

152



The Effect of Random Co-polymer Architecture on its Surface Deposition

It must be noted that the z-average measurement assumes the particles are spherical. How-

ever, this assumption may not hold true for this system with random copolymers due to the

presence of three different components.

Figure 5.8 shows that the size of pure AA (100:0:0) remains relatively small across all pH

values, suggesting that the polymer chains are well-solvated and exhibit minimal aggregation.

The slight increase in size at ambient pH and pH 10, compared to pH 2, is likely due

to ionisation and electrostatic repulsion, which slightly expands the polymer chains. This

behaviour aligns with existing literature, indicating that protonation at acidic pH reduces

the negative charge density on AA, leading to a more compact polymer structure.

For MAETAC, the size at pH 10 is significantly larger, ca. 9000 nm, indicating substantial

aggregation, while the sizes at pH 2 and ambient pH are much smaller. Pure DMAEMA has

a small size at ambient pH, with a moderate increase at both pH 2 and pH 10.

Random copolymer samples 10:90:0, 10:80:0, and 10:60:30 show an increase in size at ambient

pH, with much smaller sizes at pH 2 and pH 10. The 10:45:45 sample maintains a relatively

low size of 54.10± 2.69 nm for all three pH values. The 10:30:60 sample exhibits an increase

in size at pH 2 and ambient pH but remains relatively small at pH 10. For the 10:0:90

random copolymer, the size increases as the pH increases.

At acidic pH, the carboxyl groups of AA are protonated for the random copolymers shown

in Figure 5.8, reducing electrostatic repulsion among polymer chains and leading to smaller

sizes. This is consistent with literature indicating that protonation reduces the negative

charge density on AA, causing the polymer chains to become more compact.

MAETAC, being a quaternary ammonium salt, maintains a positive charge regardless of

pH as shown in Figure 5.4. This positive charge can lead to moderate aggregation due

to electrostatic attraction between the negatively charged AA units and positively charged

MAETAC units, even at low pH.
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At alkaline pH, the carboxyl groups of AA are deprotonated, increasing electrostatic repulsion

and potentially leading to larger aggregates due to increased solubility and swelling.

For DMAEMA, the increase in size at pH 10 can be attributed to the decreased protona-

tion of the tertiary amine groups, reducing the positive charge and increasing hydrophobic

interactions, leading to moderate aggregation.

The copolymers exhibit diverse behaviours depending on their composition and the pH of the

solution. Sizes at ambient pH are generally larger due to complex interactions between the

different monomer units. At pH 10, polymers show moderate aggregation due to increased

electrostatic repulsion and decreased protonation of amine groups. Conversely, at pH 2,

polymers are more compact due to reduced repulsion and increased protonation.

Overall, the hydrodynamic size of the copolymer samples is heavily influenced by their

composition and the pH of the solution. MAETAC-rich compositions exhibit significant

aggregation, especially at higher pH levels, resulting in larger hydrodynamic sizes. Acrylic

acid (AA) tends to reduce aggregation due to its anionic nature, while DMAEMA, which

can be protonated, generally decreases aggregation at lower pH levels. The balance among

these components ultimately determines the size and behaviour of the copolymer in solution.
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5.2.3 The Effect of pH on the Random

Copolymers’ Zeta potential in Bulk Solution

Figure 5.9: Zeta potential in millivolts (mV) (measured by DLS, see section 3.4) for the

AA:MAETAC:DMAEMA random copolymer samples at pH 2 (pink), ambient (orange)

and 10 (green) along with their respective errors.

Figure 5.9 illustrates the zeta potential (mV) of the various polymer compositions at three

different pH levels: pH 2, ambient pH, and pH 10. The compositions are displayed as ratios

of AA along the x-axis, with the zeta potential measured in millivolts (mV). Zeta potential

measures the magnitude of electrostatic charge repulsion or attraction between particles,

with higher positive or negative values indicating greater stability in the random copolymer

mixture.
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For most compositions, the zeta potential is positive at pH 2 and ambient pH, indicating

that the surface of the particles is protonated in acidic and neutral conditions, leading to

positive charges on the random copolymers. These positive zeta potentials suggest particle

repulsion from the other particles within the bulk solution, typically preventing aggrega-

tion and enhancing the stability of the random copolymer mixtures. At pH 10, however

many compositions exhibit negative zeta potentials, indicating deprotonation where surface

groups lose protons in basic conditions, resulting in negative charges. The negative zeta po-

tentials suggest particle repulsion under basic conditions, similarly preventing aggregation

and maintaining the stability of the random copolymers in solution.

For the 100% acrylic acid (AA) (100:0:0) composition in Figure 5.9, the zeta potential is

slightly positive at pH 2, slightly negative at ambient pH, and highly negative around -60

mV at pH 10. This significant shift indicates strong deprotonation, leading to enhanced

stability due to electrostatic repulsion in basic conditions of AA.

The 0:100:0 composition, 100% MAETAC, consistently shows positive zeta potentials of

around +15 mV at pH 2 and +40 mV at ambient pH, with a slight drop to around -20 mV at

pH 10, reflecting minor deprotonation effects. For the 10:90:0 composition, the zeta potential

remains positive at pH 2, ambient pH and at pH 10. The 10:80:10 composition exhibits

positive zeta potentials across all pH levels, peaking at around +55 mV at ambient pH,

suggesting stable colloidal behaviour with minimal pH-induced charge alteration. In contrast,

the 10:60:30 composition has a high positive zeta potential of +70 mV at pH 2, which

drops to +60 mV at ambient pH and remains slightly positive at pH 10, indicating strong

protonation at low pH and stable random copolymer mixture. The 10:45:45 composition

shows a high positive zeta potential at pH 2 and ambient pH, and about +20mV at pH 10,

reflecting balanced protonation and deprotonation effects. For the 10:30:60 composition, the

zeta potential is positive at pH 2 and ambient pH but shifts to slightly negative at pH 10,

indicating deprotonation. The 10:10:80 composition demonstrates positive zeta potentials

at all three pHs. The 10:0:90 composition has a slightly positive zeta potential at pH 2,
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slightly negative at ambient pH, and highly negative around -50 mV at pH 10, indicating

substantial deprotonation and enhanced stability in basic conditions. Finally, the 0:0:100

composition, which is 100% DMAEMA, exhibits a slightly positive zeta potential at pH 2,

slightly positive at ambient pH, and highly negative around -40 mV at pH 10, reflecting

significant pH-induced charge shifts. The net effect is that the mixed copolymers have

higher zeta potentials than the pure components, and as the fraction of the DMAMEMA

increases the zeta potential becomes more negative. Overall, whether positive or negative,

compositions with high absolute values of zeta potential indicate stable colloidal systems due

to electrostatic repulsion preventing particle aggregation.
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5.2.4 Effect of varying pH on the Random Copolymers’ Adsorption

Figure 5.10: Mass Adsorbed of random co-polymers at pH 2, ambient pH and pH 10 at

200ppm.

Figure 5.10 depicts the mass adsorbed by the random copolymers in ng/cm² under three

pH conditions: pH 2, ambient pH, and pH 10 (see Table 5.2). Generally, at pH 2, the mass

adsorbed is low for all compositions. The adsorption behaviour significantly varies with pH

and copolymer composition.

At pH 10, the mass adsorbed is generally higher compared to pH 2 and ambient pH across

most compositions. Specifically, at pH 2, the adsorbed mass is consistently lower than at

ambient pH and pH 10 for all compositions, while the adsorption at ambient pH tends to be
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intermediate between pH 2 and pH 10.

For the 100% AA (100:0:0) composition, the mass adsorbed decreases as pH increases, sug-

gesting more effective interaction with the sensor surface under acidic conditions. For 100%

MAETAC (0:100:0), the mass adsorption increases from pH 2 to pH 10, indicating enhanced

interaction with the sensor surface in alkaline conditions. The 100% DMAEMA (0:0:100)

composition shows the highest adsorption at ambient pH. The 10:10:80 composition exhibits

particularly high adsorption at pH 10, significantly higher than at pH 2 and ambient pH.

Compositions with a balanced ratio of MAETAC and DMAEMA (e.g., 10:45:45) demon-

strate higher adsorption at pH 10 than at pH 2 and ambient pH. This significant increase

in adsorbed mass at pH 10 indicates stronger interactions between the copolymers and the

silicon dioxide QCM sensor surface in alkaline conditions. This is likely due to the increased

ionisation of functional groups on the copolymers at higher pH, leading to stronger electro-

static interactions with the sensor surface. Conversely, the lower adsorption at pH 2 can

be attributed to the protonation of functional groups, resulting in reduced electrostatic at-

traction between the copolymers and the QCM sensor surface. Ambient pH results indicate

moderate interaction, likely due to partial ionisation of functional groups.

The compositions 10:90:0 and 10:80:10 show higher adsorption at pH 10, indicating that a

higher proportion of MAETAC in the copolymer leads to stronger interaction with the sensor

in alkaline conditions. The 10:10:80 composition shows significantly higher adsorption at pH

10 compared to other pH levels, indicating a unique synergistic interaction between the three

monomers under alkaline conditions.

The composition 10:10:80 (AA:MAETAC:DMAEMA) shows the highest adsorption at pH

10, possibly due to a unique balance of hydrophilic and hydrophobic interactions facilitated

by the presence of all three monomers. At pH 10, DMAEMA groups become more ionised,

enhancing electrostatic interactions with the sensor surface. Meanwhile, the presence of

MAETAC contributes to strong ionic interactions, and AA might provide additional sta-
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bilisation through hydrogen bonding and ionic interactions. The specific ratio of 10:10:80

creates an optimal environment where the different functional groups can interact synergis-

tically with the QCM sensor surface, leading to higher mass adsorption compared to other

compositions.

The data shows that adsorption of random copolymers on a silicon dioxide QCM sensor is

significantly influenced by the pH of the solution and the copolymer composition. Higher

adsorption at pH 10 suggests favourable conditions for stronger interactions between the

copolymers and the sensor surface in alkaline environments. The 10:10:80 composition stands

out with the highest adsorption at pH 10, indicating a potential optimal formulation for

applications requiring strong adsorption under alkaline conditions.
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5.2.5 Effect of Varying pH on the Random Copolymers’ Rate Con-

stant for Adsorption

Figure 5.11: Rate constant of random co-polymers at pH 2, ambient pH and pH 10 at

200ppm.

Figure 5.11 presents the rate constants (s−1) for various random copolymer compositions of

AA:MAETAC:DMAEMA, determined using the Langmuir isotherm at different pH levels:

pH 2, ambient pH, and pH 10. The polymers consist of different ratios of Acrylic Acid (AA),

Methacryloyloxyethyltrimethyl Ammonium Chloride (MAETAC), and Dimethylaminoethyl

Methacrylate (DMAEMA). Prior to adsorbing the random copolymers onto the silicon diox-

ide (SiO2) QCM sensor, the sensor was pre-exposed to deionised water adjusted to the

respective pH levels, influencing the sensor’s surface charge and interaction potential with
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the polymers.

The rate constants for pH 2 could not be obtained as the slope of the mass adsorbed and

the rate of adsorption were too low to be fitted to the Langmuir isotherm equation. The

highest rate constant was observed for the 10:80:10 composition. Compositions with higher

MAETAC content (e.g., 0:100:0 and 10:80:10) display relatively high rate constants under

ambient pH conditions, indicating strong interaction. At pH 10, the random copolymers

adsorb more quickly onto the silicon dioxide sensor compared to pH 2 and ambient pH, with

the highest rate constant observed for the 10:90:0 composition.

The variations in rate constants across different pH levels can be attributed to the chemical

behaviour and interactions of the polymer components under acidic, neutral, and basic con-

ditions. At pH 2, the silicon dioxide surface is less negatively charged due to protonation,

leading to reduced electrostatic interaction. AA is protonated, resulting in weaker electro-

static interactions with the less negatively charged sensor surface. MAETAC, being positively

charged, has reduced interaction with the less negatively charged surface. DMAEMA is also

protonated, leading to limited interaction. The overall low rate constants at pH 2 reflect

these limited electrostatic interactions.

At ambient pH, typically around pH 5-7, the silicon dioxide surface is moderately negatively

charged. AA is partially ionised, providing some negative charge for electrostatic interaction.

MAETAC remains positively charged, interacting strongly with the negatively charged sur-

face. DMAEMA is partially protonated, providing moderate electrostatic interactions. High

rate constants for compositions like 10:80:10 suggest that MAETAC has a strong affinity for

the moderately negatively charged surface, with the combination of partially ionised AA and

positively charged MAETAC enhancing surface adsorption.

At pH 10, the silicon dioxide surface is highly negatively charged due to deprotonation. AA is

fully ionised, providing a strong negative charge that interacts effectively with the positively

charged sites on the sensor surface. MAETAC retains its positive charge, maintaining strong
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interactions with the highly negatively charged surface. Higher rate constants for mixed

compositions like 10:60:30 and 10:45:45 indicate strong electrostatic interactions between

fully ionised AA, positively charged MAETAC, and the sensor surface, leading to enhanced

adsorption.

For the 100:0:0 composition (high AA content), the low rate constants across all pH levels

indicate that AA alone, even when fully ionised, does not provide sufficient interaction

strength with the sensor surface. The 0:100:0 composition (high MAETAC content) shows

high rate constants at ambient pH, consistent with MAETAC’s strong interaction potential

due to its positive charge aligning well with the moderately negatively charged surface.

The 0:0:100 composition (high DMAEMA content) has a moderate rate constant at pH 10,

showing steady but not exceptional reactivity, possibly due to reduced interaction strength

compared to compositions with MAETAC.

Interestingly, some of the mixed compositions, such as 10:80:10 and 10:60:30, show high rate

constants at basic pH, suggesting that a balanced mixture of AA, MAETAC, and DMAEMA

maximises interaction with the highly negatively charged surface, leveraging electrostatic

attractions. The 10:10:80 composition has lower rate constants compared to 10:80:10 at

ambient pH, indicating that a higher MAETAC content enhances the rate constant due to

its strong positive charge interacting effectively with the sensor surface.
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5.2.6 Relationships Between Measured Data

Figure 5.12: Correlation plot of mass adsorbed vs. rate constant of the random

co-polymers at pH 2, ambient pH and pH 10 at 200ppm.

A series of calculations were carried out to relate the data shown in Figures 5.8 - 5.11, to

identify any effects. Figure 5.12 illustrates adsorption kinetics, with the x-axis denoting the

first-order kinetic rate constant (s−1) and the y-axis showing mass adsorbed (ng/cm2). Each

data point is colour-coded by pH: pink for pH 2, orange for ambient pH, and green for pH

10, with error bars indicating measurement variability.

Across different pH levels, observations reveal distinct patterns. At pH 2 (pink points),

minimal adsorption and slow adsorption is evident with only one data point showing a low

rate constant (∼0.001 s−1). The highest adsorption is for 10:10:80, but this also showed a

slow adhesion rate. Adsorption at ambient pH (orange) exhibits a broader range of rate

constants, primarily clustering at low values (<0.08 s−1), albeit with greater variability in
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mass adsorbed. As noted in the discussion of Figure 5.11, the pH 2 adsorption data is

mostly so low that the kinetics cannot be identified. pH 10 (green points) displays a wider

spectrum of rate constants, with some points indicating significantly higher mass adsorbed

(up to ∼2000 ng/cm2).

Regarding rate constants, low values (0.00 to 0.04 s−1) correspond to substantial mass ad-

sorption at both ambient pH and pH 10, with pH 10 showing the highest levels. Intermediate

rate constants (0.04 to 0.08 s−1) are predominantly observed at pH 10 and result in moder-

ate adsorption. The highest rate constants (>0.08 s−1) are shown at ambient pH, indicating

faster adsorption rates with lower mass adsorbed compared to pH 10 at lower rate constants.

Error bars highlight variability, particularly notable at pH 10 and ambient pH, underscoring

reliable measurements across different pH conditions.

At pH 2, the single data point with a low rate constant and minimal adsorption suggests acid-

ity inhibits adsorption, likely due to protonation effects hindering interactions. At ambient

pH, the wider range and higher variability in adsorption reflect environmental complex-

ity. Higher rate constants with moderate adsorption at pH 10 suggest a balance between

rapid adsorption and equilibrium dynamics. At pH 10, higher mass adsorption at lower rate

constants suggests alkalinity enhances adsorption, possibly due to deprotonation effects fa-

cilitating adsorbate-adsorbent interactions. However, very rapid kinetics may limit complete

adsorption due to reduced interaction time between the polymer and sensor surface.

It is clear that the relationship between the first-order rate constant and mass adsorbed is

influenced by pH, indicating complex adsorption mechanisms involving chemical interactions,

surface availability, and diffusion effects. Mechanistic insights suggest that at lower pH,

protonation may inhibit adsorption sites or adsorbate binding. Variability at ambient pH

suggests competing processes such as adsorption and desorption or varying surface charges.

At higher pH, deprotonation enhances adsorption, but rapid kinetics may restrict equilibrium

mass adsorption due to inadequate interaction time. Suggesting that fast rates lead to low
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adsorption as there is some indication that an increase in mass adsorbed onto the surface

relates to a decrease in rate constant as shown in Figure 5.12.

Figure 5.13: Correlation plot of mass adsorbed vs. z-average of the random co-polymers at

pH 2, ambient pH and pH 10 at 200ppm.

Figure 5.13 correlates the the mass adsorbed (ng/cm2) on the y-axis, measured using Quartz

Crystal Microbalance (QCM), plotted against the Z-average size of polymers on the x-axis,

determined via Dynamic Light Scattering (DLS).

At pH 2 (pink), data points are concentrated around smaller z-average sizes, correlating with

relatively low mass adsorption. At ambient pH (orange points), the data covers a spectrum

of polymer sizes, indicating moderate mass adsorption. pH 10 (green points) displays data

points across a wide range of polymer sizes, with prominent outliers indicating both high

mass adsorption associated with a large polymer size, and one where high adsorption is

associated with a low polymer size.
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For smaller polymer sizes, both pH 2 and ambient pH exhibit some level of adsorption,

whereas pH 10 shows higher mass adsorption for a subset of points in comparison to pH 2

and ambient pH. Intermediate polymer sizes, particularly observed at ambient pH, indicate

moderate adsorption levels. Larger polymer sizes observed at pH 10 include a significant

outlier with notably high mass adsorption, suggesting distinct adsorption behaviour under

alkaline conditions.

At pH 2, data points highlight smaller polymer sizes and lower mass adsorption, implying

that acidic conditions restrict the effective adsorption of larger polymers. Protonation ef-

fects likely hinder the formation, stability, or surface interaction of larger polymer structures.

At ambient pH, a moderate correlation between polymer size and adsorption suggests that

polymer size influences adsorption to some degree. The interplay between polymer stability

and surface interactions modulates adsorption capacity. At pH 10, a notable data point with

very high mass adsorption at a large polymer size suggests that alkaline conditions signifi-

cantly enhance adsorption. Deprotonation effects may improve polymer-surface interactions

or stabilise larger polymer structures. The non-linear relationship between Z-average size

and mass adsorbed across pH levels indicates complexity influenced by polymer stability,

surface interactions, and pH conditions.

Lower pH levels favour the adsorption of smaller polymers due to limitations in stability and

interaction. At neutral pH, a range of polymer sizes exhibit moderate adsorption, reflecting

a dynamic equilibrium between polymer formation and surface interaction. At higher pH,

larger polymers demonstrate notably higher adsorption, likely due to enhanced stability and

stronger interaction capabilities.
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Figure 5.14: Correlation plot of mass adsorbed vs. zeta potential of the random

co-polymers at pH 2, ambient pH and pH 10 at 200ppm.

Figure 5.14 correlates the behaviour between mass adsorbed in ng/cm2 (y-axis) and zeta

potential in mV (x-axis) across different pH levels. The data points are categorised into

three pH conditions: pH 2, ambient pH, and pH 10, represented by pink, orange, and green

markers, respectively. Error bars are included for both axes, indicating the variability and

uncertainty in the measurements.

At pH 2 (pink), the data points show relatively low mass adsorption and are spread over a

range of positive zeta potentials. At ambient pH (orange), the data points cluster around

neutral and positive zeta potential values with moderate mass adsorption. At pH 10 (green),

the data points are dispersed across a wide range of negative and positive zeta potentials,

with some points showing very high mass adsorption values. Notably, there is a significant

spread in the data points at pH 10, with some points showing high mass adsorption at both
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positive and negative zeta potentials. In contrast, at ambient pH, the data points are more

clustered around neutral/positive zeta potentials, indicating less variability compared to the

other pH conditions.

Mass adsorption varies with pH, indicating that adsorption is influenced by the surface charge

of the particles. At pH 2, lower mass adsorption could be due to repulsive forces between

positively charged surfaces and may be due to the QCM sensor being pre-exposed to deionised

water adjusted to pH 2. At pH 10, the higher mass adsorption might be due to attractive

forces between the positively charged MAETAC and negatively charged sensor surface. The

plot suggests a complex relationship between mass adsorption and zeta potential. At higher

zeta potentials (both positive and negative), mass adsorption tends to be higher, indicating

that extreme surface charges enhance adsorption. Neutral or low zeta potentials correspond

to moderate mass adsorption, suggesting less effective adsorption. Overall, the adsorption is

highest at low zeta potential, both positive and negative, suggesting that high zeta potentials

of both charges reduce the mass adsorbed. The greatest adsorption occurs at a zeta potential

of +18 mV, and all the points for mass adsorbed > 500 ng/cm2 have zeta potentials in the

range of +25 to -25 mV. Figure 5.14 also shows a clear effect of low zeta potential, as pH

increases the zeta potential decreases.

The variability in mass adsorption, especially at high pH, may be due to differences in particle

size, aggregation, or experimental conditions such as ionic strength and temperature. The

plot demonstrates the significant influence of pH on both zeta potential and mass adsorption.
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Figure 5.15: Correlation plot of z-average vs. zeta potential of the random co-polymers at

pH 2, ambient pH and pH 10 at 200ppm.

Figure 5.15 shows the correlation between z-average (y-axis) in nanometers and zeta potential

(x-axis) in millivolts (mV), both measured using Dynamic Light Scattering (DLS). The z-

average represents the average hydrodynamic diameter of particles, while the zeta potential

indicates the bulk charge. Data points are categorised into three pH conditions: pH 2 (pink),

ambient pH (orange), and pH 10 (green).

At pH 2, data points show positive zeta potentials, mostly clustered around low to moderate

z-average values. For ambient pH, the points are distributed around moderate zeta potentials

with moderate to high z-average values. In contrast, at pH 10, data points exhibit negative

zeta potentials and a wide range of z-average values, including some very high values.

The distribution of data points further highlights distinct characteristics across pH condi-

tions. At pH 2, z-average values are generally low, with positive zeta potentials. At ambient
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pH, z-average values range from moderate to high, with zeta potentials varying from slightly

negative to highly positive. At pH 10, z-average values are highly variable, with negative

zeta potentials, including some points with very high z-average values, indicative of large

particle sizes or aggregation.

The effect of pH on zeta potential is evident. At pH 2, the zeta potential is positive,

suggesting protonation of surface groups leading to a positively charged surface. At ambient

pH, the zeta potential varies around neutral to positive, indicating balanced surface charge

conditions. At pH 10, the zeta potential is negative, likely due to the deprotonation of

surface groups, resulting in a negatively charged surface.

Regarding the effect of pH on z-average, at pH 2, the low z-average values suggest smaller,

stable particles in acidic conditions. At ambient pH, particle sizes range from moderate

to high, indicating possible aggregation or growth in a neutral pH environment. At pH

10, z-average values are highly variable, with some points indicating large particle sizes or

aggregation under alkaline conditions.

The correlation between z-average and zeta potential reveals that at pH 2, positive zeta

potentials correspond to smaller particle sizes, indicating stable conditions without significant

aggregation. At ambient pH, variable zeta potentials correlate with moderate to high particle

sizes, suggesting varying degrees of particle stability and aggregation. At pH 10, negative zeta

potentials correlate with a wide range of particle sizes, including very large sizes, indicating

potential instability and aggregation under alkaline conditions.

The data suggest that pH significantly impacts both zeta potential and particle size. Acidic

conditions (pH 2) lead to smaller, positively charged particles, while alkaline conditions

(pH 10) result in larger, negatively charged particles with a tendency towards aggregation.

Overall there is no strong correlation between the particle size and zeta potential. Figure

5.15 again, shows that as pH increases the zeta potential decreases.

171



The Effect of Random Co-polymer Architecture on its Surface Deposition

Figure 5.16: Correlation plot of rate constant vs. z-average of the random co-polymers at

pH 2, ambient pH and pH 10 at 200ppm.

Figure 5.16 correlates the first-order kinetic rate constant (y-axis) in s−1 and the z-average

(x-axis) in nanometers, with data obtained using Quartz Crystal Microbalance (QCM) and

Dynamic Light Scattering (DLS), respectively. The kinetic rate constants were derived using

the Langmuir isotherm model, discussed in Chapter 3. The data points are categorised into

three pH conditions: pH 2 (pink), ambient pH (orange), and pH 10 (green).

At pH 2, the data point shows a low z-average value with low first-order kinetic rate constants.

For ambient pH, data points spread across a range of z-average values, generally showing

higher first-order kinetic rate constants. In contrast, at pH 10, data points exhibit a wide

range of z-average values with variable first-order kinetic rate constants.

The distribution of data points highlights distinct characteristics across pH conditions. At

pH 2, both the z-average value and the first-order kinetic rate constant is low. At ambient
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pH, z-average values range from low to moderate, with higher kinetic rate constants. At pH

10, the z-average values vary widely, with moderate kinetic rate constants.

The effect of pH on the kinetic rate constant is evident. At pH 2, a low kinetic rate constant

indicates slower reaction kinetics, correlating with smaller particle sizes. At ambient pH,

higher kinetic rate constants suggest faster reaction kinetics, correlating with moderate par-

ticle sizes. At pH 10, moderate kinetic rate constants indicate intermediate reaction kinetics,

correlating with a wide range of particle sizes.

Regarding the effect of pH on z-average, at pH 2, a low z-average value suggests smaller,

stable particles under acidic conditions. At ambient pH, particle sizes are moderate, indi-

cating a balanced environment conducive to faster kinetics. At pH 10, z-average values are

highly variable, with some points indicating large particle sizes or aggregation under alkaline

conditions.

The correlation between the kinetic rate constant and z-average reveals that at pH 2, the

positive correlation between smaller z-average values and lower kinetic rate constants suggests

that smaller particles have slower reaction kinetics. At ambient pH, higher kinetic rate

constants correspond to moderate particle sizes, suggesting an optimal size range for faster

reaction kinetics. At pH 10, the wide range of z-average values and moderate kinetic rate

constants indicate variability in reaction kinetics, potentially due to aggregation.

The data suggest that pH significantly impacts both the kinetic rate constant and particle

size. Acidic conditions (pH 2) result in smaller particles with slower kinetics, while ambient

pH conditions yield moderate particle sizes with faster kinetics. Alkaline conditions (pH 10)

produce a wide range of particle sizes with intermediate kinetics.
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Figure 5.17: Correlation plot of rate constant vs. zeta potential of the random co-polymers

at pH 2, ambient pH and pH 10 at 200ppm.

Figure 5.17 correlates the behaviour between the first-order kinetic rate constant (y-axis) in

s−1 and the zeta potential (x-axis) in millivolts (mV), both measured using Quartz Crystal

Microbalance (QCM) and Dynamic Light Scattering (DLS), respectively. The kinetic rate

constants were derived using the Langmuir isotherm model. The data points are categorised

into three pH conditions: pH 2 (pink), ambient pH (orange), and pH 10 (green).

At pH 2, the data point shows a low zeta potentials with low first-order kinetic rate constants.

For ambient pH, data points are distributed across a range of zeta potentials, generally

showing higher first-order kinetic rate constants. At pH 10, data points show a wide range

of zeta potentials with variable first-order kinetic rate constants.

The distribution of data points highlights distinct characteristics across pH conditions. At

pH 2, the zeta potential value and first-order kinetic rate constant is low. At ambient pH,

174



The Effect of Random Co-polymer Architecture on its Surface Deposition

zeta potential values range from low to high, with higher kinetic rate constants. At pH

10, zeta potential values vary widely, with kinetic rate constants showing moderate to high

values.

The effect of pH on the kinetic rate constant is evident. At pH 2, the low kinetic rate

constant indicates a slower reaction kinetic, correlating with a lower zeta potential value. At

ambient pH, higher kinetic rate constants suggest faster reaction kinetics, correlating with a

wide range of zeta potential values, mostly positive. At pH 10, the kinetic rate constants are

moderate to high, indicating intermediate to fast reaction kinetics, correlating with a wide

range of zeta potential values, both negative and positive.

Regarding the effect of pH on zeta potential, at pH 2, the zeta potential value is low and

positive, suggesting protonation of surface groups leading to a positively charged surface.

The zeta potential varies widely at ambient pH, ranging from slightly negative to highly

positive, indicating balanced surface charge conditions. At pH 10, zeta potential values are

highly variable, with both negative and positive values, likely due to the deprotonation of

surface groups affecting surface charge.

The correlation between the kinetic rate constant and zeta potential reveals that at pH

2, a lower zeta potential value corresponds to a slower reaction kinetic. At ambient pH,

higher kinetic rate constants correspond to a wide range of zeta potential values, suggesting

an optimal surface charge for faster reaction kinetics. At pH 10, the wide range of zeta

potential values and moderate to high kinetic rate constants indicate variability in reaction

kinetics, potentially influenced by changes in surface charge.

The data suggest that pH significantly impacts both the kinetic rate constant and zeta

potential. Acidic conditions (pH 2) result in lower zeta potentials with slower kinetics, while

ambient pH conditions yield a wide range of zeta potentials with faster kinetics. Alkaline

conditions (pH 10) produce highly variable zeta potentials with intermediate to fast kinetics.
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Figure 5.18a: Correlation plot of bulk molecular weight vs average mass adsorbed at

200ppm.

Figure 5.18(a) illustrates the relationship between bulk molecular weight (in g/mol) and

average mass adsorbed (in ng/cm²) for the various random copolymer compositions

(AA:MAETAC:DMAEMA). As the average mass adsorbed increases, there is a general trend

of increasing bulk molecular weight across the different compositions, suggesting a positive

correlation between molecular weight and mass adsorbed. The data points form distinct

clusters corresponding to each copolymer composition, suggesting that each composition has

a unique adsorption behaviour. For example, the 10:80:10 composition (pink) shows both the

lowest molecular weight and the lowest average mass adsorbed, while the 10:0:90 composition

(grey) exhibits the highest values for both parameters. There is one outlier, with the highest

molecular weight giving a low mass adsorbed.

This implies that as the molecular weight of the copolymer increases, its adsorption capacity

also tends to increase. This effect could be attributed to larger molecules having more inter-

action sites and a greater surface area for adsorption, allowing them to cover more space on

the surface. Consequently, this leads to an increased average mass adsorbed onto the sensor’s
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surface. The specific copolymer composition significantly affects adsorption behaviour. For

instance, increasing the DMAEMA content (from 10:80:10 to 10:0:90) generally results in

higher molecular weights and higher mass adsorbed, suggesting that DMAEMA-rich copoly-

mers have a higher affinity for the surface, possibly due to electrostatic interactions or better

conformational adaptability.

The increase in adsorption with molecular weight might also be attributed to entropic factors,

where larger polymers adopt more favourable configurations upon adsorption, leading to

higher overall adsorption. Additionally, specific interactions between the polymer functional

groups and the surface could be contributing factors.

In summary, the data indicates a slight positive correlation between the bulk molecular

weight of the random copolymers and their average mass adsorbed. Different copolymer

compositions exhibit distinct behaviours, with DMAEMA-rich compositions (e.g., 10:0:90)

showing higher molecular weights and greater adsorption.

Figure 5.18b: Correlation plot of bulk molecular weight vs average rate constant at

200ppm.
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Figure 5.18(b) plots bulk molecular weight (in g/mol) on the y-axis against the average rate

constant (in s−1 ) on the x-axis for various random copolymer compositions

(AA:MAETAC:DMAEMA).

The data shows that there is no strong relationship between molecular weight and the rate

constant. suggests that copolymers with lower molecular weights adsorb faster. There is

one outlier, the 10:80:10 composition has a high rate constant, indicating rapid adsorption

kinetics, here likely due to its lower molecular weight. Conversely, compositions like 10:0:90,

with higher molecular weights, exhibit lower rate constants, indicating slower adsorption due

to the larger size of the molecules, which might reduce their diffusion rate and increase steric

hindrance during adsorption.

The data suggests that the adsorption kinetics could be diffusion-limited for higher molec-

ular weight copolymers. The larger size reduces their diffusion coefficients, making their

adsorption slower. Additionally, different copolymer compositions might interact differently

with the surface, affecting their adsorption kinetics. The functional groups in the copoly-

mers and their ability to interact with the surface could play a significant role. As sample

10:80:10 shows a low molecular weight, this may suggest that its particles experience more

rapid Brownian motion, moving more quickly through the medium due to their smaller size.

In general, smaller particles tend to move faster in solution because they are more easily

affected by the random collisions with molecules in the medium.

In summary, the graph shows that there is no strong relationship between the bulk molec-

ular weight of random copolymers and their average rate constant. Different copolymer

compositions display distinct behaviours, with higher molecular weight compositions gener-

ally showing slower adsorption kinetics.
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5.3 Conclusions

Chapter 5 explored the development and evaluation of innovative additives for glazed ce-

ramics, focusing on the deposition characteristics of various random copolymers on silicon

dioxide surfaces and the impact of pH on their behaviour. This research simulated conditions

analogous to those found on glazed ceramic surfaces in toilet bowls, providing insights into

how these copolymers might enhance antifouling properties.

The study employed Dynamic Light Scattering (DLS) and Quartz Crystal Microbalance

(QCM) to analyse the interaction of the random copolymers with surfaces under varying

pH conditions. The findings reveal that pH levels significantly affect the zeta potential

and particle size of the copolymers in solution. At acidic pH (2), the copolymers form

smaller, positively charged particles, indicating stable conditions with minimal aggregation.

The particles exhibit moderate to high sizes in neutral pH environments with balanced

surface charges, reflecting a dynamic equilibrium between stability and aggregation. Alkaline

conditions (pH 10) lead to larger, negatively charged particles that are prone to aggregation,

suggesting potential instability in such environments.

The mass adsorption of copolymers on silicon dioxide surfaces was closely related to pH

levels. Acidic conditions hindered the effective adsorption of larger polymers due to proto-

nation effects, while neutral pH facilitated moderate adsorption levels, suggesting a balance

between polymer formation and surface interaction. Alkaline conditions, on the other hand,

significantly enhanced adsorption, likely due to deprotonation effects that stabilise larger

polymer structures and improve polymer-surface interactions.

Figure 5.2 illustrates the mass adsorption curves, highlighting that different copolymers

exhibit varying affinities for the silicon dioxide surface. The copolymer MAETAC:AA, in

particular, demonstrated the highest initial adsorption (646±36 ng/cm²) in the first phase,

suggesting that copolymers with high MAETAC content are more likely to form stable coat-
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ings on ceramic surfaces. This stability could potentially enhance the copolymer’s ability to

prevent biofilm formation in toilets. During the deionised water rinse phase, MAETAC:AA’s

mass adsorption increased, likely due to polymer swelling. This swelling could either improve

or diminish its antifouling effectiveness, depending on subsequent contamination. In the BSA

adsorption phase, all polymers allowed some degree of fouling, as evidenced by increased mass

on the surface. However, MAETAC:AA showed a significant reduction in BSA mass over

time, indicating superior long-term antifouling performance. In the final rinse phase, MAE-

TAC:AA continued to lose mass, suggesting better resistance to long-term fouling compared

to other tested copolymers. This is crucial for designing self-cleaning toilet surfaces.

Figure 5.3 provides a detailed analysis of adsorption at specific time points, confirming

that MAETAC:AA not only has the highest initial adsorption but also significant mass loss

after BSA introduction, reinforcing its potential for reducing fouling over time. In contrast,

DMAEMA:AA exhibited lower initial adsorption but higher BSA fouling, making it less

effective for maintaining a clean surface. Copolymers such as MAETAC:AA:EGDMA:DDT

and i-OA:MAETAC showed the lowest initial adsorption, indicating that these materials

might not provide adequate surface coverage, leading to reduced fouling resistance. However,

their lower initial adsorption might be advantageous in contexts where minimal interaction

with the ceramic surface is preferred.

The schematic in Figure 5.5 illustrates the interaction between copolymer segments and the

negatively charged silicon dioxide surface. It suggests that polymers with a higher proportion

of positively charged segments, such as MAETAC, could form more robust coatings on

ceramic surfaces. This is crucial for developing toilets with enhanced antifouling properties.

Overall, the study underscores that copolymers with high MAETAC content are the most

promising candidates for antifouling applications on glazed ceramic surfaces. The strong

adsorption characteristics of MAETAC-based copolymers could lead to surfaces that are

more resistant to foulant formation and easier to clean, thereby reducing maintenance needs
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and improving hygiene. Conversely, DMAEMA-based copolymers may not offer as effective

antifouling properties, although optimising the balance between adsorption and fouling re-

moval could be beneficial depending on specific design requirements. For instance, surfaces

requiring frequent refreshing might benefit from different copolymer compositions.

In summary, incorporating MAETAC-rich copolymers into toilet surface design could signif-

icantly enhance long-term cleanliness and reduce biofilm formation. These findings provide

valuable guidance for material selection in the development of advanced self-cleaning toilets,

ultimately improving both user experience and hygiene standards. In the next chapter, the

effects of these polymers on adhesion will be studied at the macroscale.
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Chapter Six

The Effect of Deposited Polymer on the

Attachment of Viscoelastic Material

6.1 Introduction

The previous chapter has shown that changing the structure of the block copolymers affects

their adhesion to surfaces. Following the random copolymer study of the previous chapter,

a top-down approach was employed to investigate the effect of deposited polymers on the

attachment of viscoelastic material. In this context, a top-down approach involves beginning

with a macroscopic system and progressively reducing its size and complexity to examine

its components. This methodology includes analysing the entire system first and then de-

constructing it into smaller, more manageable parts to investigate interactions at various

scales.

The random copolymers examined in this chapter were the same as the ones investigated in

the previous chapter (see Table 5.2) and analysed by contact angle, force board and FLuSHT

measurements. The primary objective of the work described in this chapter is to evaluate the

deposition behaviour of random copolymers supplied by Innospec in real-life applications.
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Consequently, the random copolymers were deposited onto glazed ceramic tiles rather than

the silicon dioxide sensors extensively discussed in Chapters 4 and 5. This substrate was

selected because it is commonly used in toilet bowl applications, allowing for the assessment

of the random copolymers’ performance in a practical context. This investigation aligns with

Innospec’s original proposal for this project and forms the basis of this doctoral research.

The work in this chapter was conducted to understand how the random copolymers supplied

by Innospec behaved in a real-life application. Contact angle measurements, force board

tests, and the FLuSHt test were carried out to achieve this.

Contact angle measurements were employed to simulate the washing process of the quartz

crystal microbalance (QCM) and to replicate the behaviour of a toilet bowl on a glazed

ceramic tile, rather than using a silicon dioxide sensor. These measurements also quantified

the spreading kinetics of water droplets on the coated tiles. This approach provided an

opportunity to adopt a top-down perspective and assess the performance of polymer coatings

in real-life applications. Consequently, this chapter serves as a practical investigation into

the behaviour of polymer coatings, offering insights into their efficacy in actual applications,

as initially proposed by Innospec and forming the foundation of this doctoral research.

The force board measurement, as discussed in Section 3.7, was utilised to assess the adhesion

between the coated tile and the synthetic faeces. This measurement was conducted on

a macro scale, corresponding to the scale used in real-life applications. Additionally, the

FLuSHT setup, described in Section 3.6, was developed to examine the behaviour of the

random copolymer in a toilet application with a constant water flow rate. The polymers

used for the force board and FLuSHT measurements are listed in Table 5.2. The polymers

employed in the contact angle measurements are also included in Table 5.2, highlighted in

blue.
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6.2 Results & Discussion

6.2.1 Static Contact Angle

A contact angle method was developed to study the effects of coatings on surface energy.

Figure 6.1 depicts the contact angle methodology used to test the effects of adhesion mea-

sured using the QCM in the previous two chapters. The ceramic tiles were first cut into 1

cm squares (see Chapter 3) and cleaned as described below. The tile was:

1. Rinsed with IPA.

2. Rinsed with tap water.

3. Rinsed with DI water.

4. Sonicated in IPA for 180 seconds.

5. Air dried.

6. Polished with a microfiber cloth.

7. Rinsed with tap water.

8. Rinsed with DI water.

9. Sonicated in IPA for 180 seconds.

10. Rinsed with tap water.

11. Rinsed with DI water.

12. Sonicated in DI water for 180 seconds.

13. Air dried.
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14. Left to adjust to room humidity.

Once the tiles were cleaned, a controlled amount of 200 ppm random copolymer, approxi-

mately 2.3 mL in solution, was uniformly deposited across the entire surface of the ceramic

tile using a Pasteur pipette. The copolymers were chosen to cover the full range of compo-

sitions. The copolymers selected are highlighted in blue in Chapter 5, Table 5.2.

The tiles were then left to dry for a day under ambient conditions, as shown in step (a)

in Figure 6.1. After the polymer had dried, contact angle measurements were conducted

using deionised water. Five contact angle measurements were taken on each polymer-coated

tile to ensure the reliability and repeatability of the data. A 5 µL droplet was deposited

onto the surface of the coated tiles. The behaviour of this droplet was used to identify the

wettability of the surface by analysing how much it spread on the surface. A Python script,

described in Section 3, was used to analyse the data. Stage (b) in Figure 6.1 illustrates the

after-rinse step. Once the contact angle measurements were taken in step (a), the surface

was rinsed with deionised water, and then 2.3 mL of deionised water was deposited onto the

tile’s surface and allowed to dry overnight. Allowing water to dry on the samples was done

to replicate a flush setup and closely simulate the QCM protocol described in Chapter 5.

Once the deionised water had dried overnight, contact angle measurements were carried out

in the same manner as in step (a). An average of the five contact angle measurements was

taken and the data is plotted in Figure 6.2.
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Figure 6.1: Schematic of the experimental protocol to measure contact angle on 200 ppm

Random Co-polymer samples of AA:MAETAC:DMAEMA. Step 1 represents the pre-rinse

stage, while step 2 signifies the post-rinse stage.

Figure 6.2: Static Contact Angle of 200 ppm Random Co-polymer samples before and after

deionised water rinse. Sample 0:0:0 is the bare ceramic surface contact angle. An average

of five measurements were taken for each sample. The error bars represent the standard

error of the mean (SEM), calculated for the five repeats of each polymer.
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Figure 6.2 displays the static contact angle data before and after rinsing the random copoly-

mer samples. The static contact angle was recorded as soon as the water was deposited and

settled on the surface, typically within the first 5 to 10 seconds (see Chapter 3 for further

information). Sample 0:0:0 served as the control, representing the bare tile, with an average

contact angle of 38± 4.3◦. This matches the contact angle measured by Innospec using the

same cleaning method. The random copolymer samples were tested at 200 ppm.

It can be observed that before rinsing, the samples exhibit more hydrophilic behaviour

compared to the contact angle data after rinsing. For instance, sample 10:90:0 showed an

average contact angle measurement of 42±2.7◦ before rinsing. Sample 10:60:30 had a contact

angle of 71±7.3◦ before rinsing, while sample 10:30:60 had a contact angle of 82±6.8◦ before

rinsing. Sample 10:0:90 had a contact angle of 40± 6.7◦ before rinsing, similar to that of the

control.

In Figure 6.2, the statistically different samples are 10:90:0 and 10:30:60 for before and after

rinse. This is evident as the error bars for the measurements before and after rinsing do not

overlap, suggesting a significant change in the random copolymer architecture due to rinsing

with deionised water. The rinsing process notably alters the surface properties of the 10:90:0

and 10:30:60 samples, making them more hydrophobic. There is a clear increase in the static

contact angle.

Contact angles measured increased with decreasing MAETAC content, suggesting that the

molecular architecture of the polymer made a significant difference. The random copolymers

altered the surface, changing the surface energy of the tile. This electrostatic attraction be-

tween the positively charged nitrogen and the partially negative oxygen atoms will facilitate

the interaction between MAETAC and water. Since the quaternary ammonium group in

MAETAC was hydrophilic, it will interact with water. It might also be possible that the

alkyl group to which the quaternary group was attached within MAETAC’s structure had

folded to expose the hydrophobic alkyl chains to the air. Therefore, during the post-rinse
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stage, the alkyl chains in the MAETAC group might have been oriented outward to the

non-surface side, causing the water droplet to become hydrophobic upon contact with the

surface.

Figure 6.2, shows that as the MAETAC components decreased within the random copolymer

ratio and the DMAEMA component increased, the hydrophobicity of the static water contact

angle increased. This could be attributed to MAETAC not having to compete with other

MAETAC groups for water molecules, resulting in more alkyl groups facing towards the

water droplet.

Figure 6.2, shows also that Sample 10:0:90 exhibited a notable decrease in static water contact

angle before and after rinsing compared to the other random copolymer samples. Again this

difference could be attributed to the absence of MAETAC components within the sample.

While DMAEMA carried a positive charge, it was not as positively charged as MAETAC.

The amino group in DMAEMA could form hydrogen bonds with water molecules, facilitating

some level of solubility. However, the methacrylate backbone of DMAEMA was hydrophobic

due to nonpolar carbon-carbon double bonds and carbonyl groups, which tended to repel

water molecules. Although DMAEMA molecules could form hydrogen bonds with water,

leading to partial dissolution, the hydrophobic nature of the methacrylate backbone may

have prevented complete solubility in water.

6.2.2 Dynamic Contact Angle

An increase in contact angle after rinsing was observed in samples 10:90:0 and 10:30:60. As

the MAETAC component decreased and the DMAEMA component increased in the random

copolymer samples, the surface became more hydrophobic. However, the static contact angle

before and after rinsing for sample 10:0:90 was lower.

Further work was conducted to examine the dynamic contact angle both to understand
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this observation better and to identify the spreading kinetics of the random copolymers on

the tile. The dynamic contact angle was particularly interesting to examine, as it could

indicate whether the polymers deposited a uniform layer. Figure 6.3 illustrates a schematic

representation of the evolution of a dynamic contact angle.

Figure 6.3: Schematic diagram of dynamic contact angle, illustrating how the angle of the

deionised water droplet decreases over time.
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Figure 6.4: Evolution of the water contact angle during the 45-second analysis period:

dynamic contact angles of 0:0:0 (blue line), 10:90:0 (orange line), 10:60:30 (green line),

10:30:60 (red line), and 10:0:90 (purple line) are shown in (a) before rinsing and (b) after

rinsing with deionised water. All random copolymer samples were deposited on a glazed

ceramic tile at a concentration of 200 ppm. The plots represent individual measurements.
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Figure 6.4a illustrates the dynamic contact angle of the bare-glazed ceramic tile without

coating (0:0:0) and the random copolymers 10:90:0, 10:60:30, 10:30:60, and 10:0:90 before

rinsing with deionised water. Sample 0:0:0 had a starting contact angle of approximately 37

degrees and quickly reached its equilibrium contact angle, plateauing very rapidly, with a

constant value after approximately 2 seconds. There was no change in the dynamic contact

angle over after this, both before and after rinsing, as the contact angle stayed uniform.

The figure shows that for all the other systems the contact angle significantly decreased

as time progressed and then plateaued towards the end, indicating that the contact angle

stabilised over time. Examining Figure 6.4a, it is evident that 10:30:60 (red line) and 10:60:30

(green line) had the highest starting values, ca. 90°, for the contact angle before rinsing with

deionised water, while 10:0:90 (purple line) and 10:90:0 (orange line) had a lower starting

contact angle before rinsing with deionised water.

Figure 6.4b shows the dynamic contact angle of the bare-glazed ceramic tile without coating

(0:0:0) and the random copolymers, 10:90:0, 10:60:30, 10:30:60, and 10:0:90 after rinsing with

deionised water. The data shows that the random copolymer 10:60:30 (green line) started

with a very high static contact angle of approximately 120 degrees, which then dropped

significantly over time; a final value had not been reached after 45 seconds. In comparison

to the conditions before rinsing, sample 10:30:60 (red line) did not start at the same initial

contact angle as 10:60:30. Interestingly, this time random copolymer samples 10:90:0 and

10:0:90 also had the same initial contact angle. However, both of these polymers reached

equilibrium quickly. To quantify the kinetics of the dynamic contact angle, equation (6.1)145

was used to fit the slope to the curve.

Figure 6.4a shows that all the random copolymer samples initially have a higher contact

angle than the uncoated control tile (0:0:0) at the beginning of the measurement. Over time,

the random copolymers exhibit a decrease in contact angle, resulting in lower contact angles

compared to the control tile. The control tile has the highest final contact angle over time,

suggesting that it becomes the most hydrophobic, while the random copolymers become

191



The Effect of Deposited Polymer on the Attachment of Viscoelastic Material

more hydrophilic when in contact with the water droplet over time. Thus, before rinsing, all

the dynamic contact angles for the random copolymers are less than the bare tile (0:0:0).

In Figure 6.4b, a similar trend is observed: the random copolymers exhibit the highest con-

tact angles at the beginning of the measurement. However, over time, the random copoly-

mers maintain their hydrophobic behaviour after rinsing, and the water droplet retains its

hydrophobicity when in contact with these copolymers post-rinse, the opposite is observed

for sample 0:0:0. Sample 10:0:90, which has the lowest contact angle before rinsing, shows

the highest contact angle at the end of the measurement. This indicates that, after rinsing,

the surface of the 10:0:90 sample becomes hydrophobic, with the water droplet maintaining

its hydrophobicity over time compared to the other samples. Thus, after rinsing, all the

dynamic contact angles for the random copolymers are higher than that of the bare tile

(0:0:0).

6.2.3 Contact Angle Kinetics

Farris et al145 analysed contact angle kinetics using the equation provided below. Equation

(6.1) is a three-parameter decay equation, which was fitted to the experimental contact

angle data to characterise the kinetics of contact angle change for each random copolymer.

To extract the kinetics from fitting the equation to the slopes depicted in Figure 6.4, a Python

script was developed. Figure 6.5 gives an example of the evolution of water contact angle

over time. The red solid line represents the result of fitting Equation 6.1 to the experimental

data using Python.

θ(t) = θ(0)exp(−kt) n for n = 1 (two-parameter system) = θ(0) exp(−kt) (6.1)

• θ(t): Contact angle at time t. It denotes an angle that depends on t.

• θ(0): Contact angle at time, when t = 0, i.e. the initial contact angle.
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• exp (kt): Exponential function where k is a constant, and time, t was the independent

variable.

Figure 6.5: Example of water contact angle evolution over time of analysis for 10:90:0 which

is 10% AA and 90% MAETAC. Blue dots are the experimental data for 10:90:0 before

rinse. The red solid line was obtained by fitting equation 6.1 to the experimental data.

Figure 6.6 depicts the dynamic contact rate constant ’k’ (also referred to as spreading kinetics

constant) of the random copolymer samples before and after rinsing, fitted from equation

6.1. For sample (0:0:0), the spreading kinetics constant before rinsing was -0.24, and after

rinsing, it was -0.70. This indicates that deionised water droplets spread rapidly on the

surface after the rinsing stage. Furthermore, Figure 6.2 corroborated this observation, as the

contact angle after rinsing was lower than the contact angle before rinsing, suggesting lower

surface energy and increased hydrophilicity.
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All of the random copolymer samples exhibited faster spreading (i.e. a higher k) before

rinsing, indicating that the deionised water droplet spread more quickly upon contact with

the surface. After rinsing, the rate constants decreased for the random copolymer samples,

suggesting that the water droplet did not spread rapidly in the forced water deposition

state, suggesting the surface had rendered itself more hydrophobic. Overall, there was no

discernible trend among the random copolymers themselves, but there was a clear difference

before and after rinsing.

The kinetic constant for Sample 10:90:0 before rinsing was significantly higher compared

to the other random copolymer samples, with an average value of -1.08, indicating rapid

spreading of the deionised water droplet over the surface.

Figure 6.6: Plot showing kinetic constant ’k’ against AA:MAETAC:DMAEMA (random

copolymer components), before and after rinse.

Figure 6.7 plots the static contact angle (in degrees) on the y-axis against the kinetic constant

k on the x-axis for various random copolymer compositions (AA:MAETAC:DMAEMA). The

data points represent measurements taken both before and after rinsing.
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The static contact angles observed range from approximately 30◦ to 100◦, indicating a wide

spectrum of surface wettabilities among the copolymers. Notably, the highest contact angle,

around 100◦, is observed for the 10:30:60 composition after rinsing (green square). The

kinetic constant k also varies significantly among different copolymer compositions, with

values ranging from approximately 0.1 to 1.2. The highest value of k, approximately 1.1, is

seen in the 10:0:90 composition before rinsing, marked by a red circle.

Before rinsing, indicated by circles, the contact angles are generally lower, and the range

of kinetic constants is broad. The changes effected by rinsing are shown by arrows on the

plot. After rinsing, for all samples tested the contact angles increase and the rate constants

decrease, suggesting alterations in surface properties.

The static contact angle serves as an indicator of surface wettability; higher contact angles

suggest more hydrophobic surfaces, while lower angles indicate hydrophilicity. The variation

in contact angles among different compositions points to differences in surface energy and

the hydrophilic/hydrophobic balance of the polymer coatings. The kinetic constant k relates

to the rate of droplet spreading on the surface, influenced by the interaction between the

liquid and the surface. Higher k values indicate faster spreading, potentially due to lower

surface energy or higher wettability. For example, the 10:0:90 composition before rinsing,

with the highest k value, suggests a more hydrophilic nature, allowing for rapid spreading.

Rinsing appears to influence both the static contact angle and the kinetic constant k, indi-

cating changes in surface properties. This effect could be due to the removal of loosely bound

polymer chains or surface contaminants, revealing more intrinsic surface characteristics. For

instance, the 10:30:60 composition shows a significant increase in contact angle after rinsing,

indicating increased hydrophobicity.

There is no simple linear correlation between static contact angle and kinetic constant k, but

certain trends are noticeable. Compositions with lower k values, such as 10:0:90 after rins-

ing, generally have higher contact angles, indicating slower spreading on more hydrophobic
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surfaces. Conversely, some cases show higher k values associated with lower contact angles,

suggesting faster spreading on hydrophilic surfaces.

Rinsing significantly alters the surface energy and wettability of the random copolymers. The

statistical significance of these changes can be inferred from the error bars; non-overlapping

error bars between measurements before and after rinsing suggest substantial changes in

surface properties due to rinsing.

Figure 6.7: Plot correlating static contact angle against Kinetic constant ’k’ before and

after rinse. Arrows indicate the difference between before rinse and after rinse samples of

the random copolymers.
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6.2.4 Adhesion of viscoelastic material on different random copoly-

mer samples - Forceboard experiments

The force board measurement, as detailed in Chapter 3, was employed to assess the adhesion

between the coated tile and synthetic faeces (discussed in section 3.7). This assessment was

conducted on a macroscopic scale, analogous to the scale used in practical applications.

The force board measurement was used to determine whether the coating of the random

copolymer supplied by Innospec (see Table 5.2) facilitated the detachment of synthetic faeces

with less force compared to an uncoated tile (0:0:0).

Glazed ceramic tiles used from this study (discussed in Chapter 3) were Utopia White Gloss

Ceramic Wall Tile, Pack of 25, 100mm(L) 100mm(W) purchased from B&Q. The samples

were cut into 1 cm(L) and 1cm(W) so that the tiles could fit into the force board machine and

to carry out the measurement with ease. All the samples were cleaned using the Innospec

cleaning method mentioned in section 6.1.1. See Chapter 3 for the description of the force

board and its method.

Figure 6.8 presents a plot of vertical force in newtons against time in seconds for a bare-

cleaned glazed ceramic tile stated as the control (0:0:0).

The experiments were conducted in four stages, shown schematically in Figure 6.8.

(a) The tile approached the faecal matter but stopped 1 cm away.

(b) Tile made contact with the synthetic faecal matter, compressing it until a vertical

compressive force of 1 Newton was reached.

(c) The tile was then moved away from the synthetic faeces at a speed of 10.05mm s−1, and

the vertical adhesion force reported. The information acquired at this stage provided

insights into the adhesion between the control tile and the synthetic faeces, determined

by the lowest vertical force measured from the zero baseline.
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(d) At this point, there is complete detachment of the tile from the synthetic faeces.

In the figure, bare cleaned glazed ceramic tile shows a maximum adhesion force of approxi-

mately -0.39 N. This variation in adhesion force between the faecal matter and the random

copolymer samples is an interesting parameter that will facilitate comparison against the

bare-cleaned glazed ceramic tile. Figures 6.9 and 6.10 show the variation in measured pa-

rameters.

Figure 6.8: Vertical force (N) against time (s) for the bare cleaned glazed ceramic tile. The

grey rectangle represents the bare-cleaned glazed ceramic tile, while the orange sphere

represents the synthetic faecal matter, and the thick black arrows indicate the direction in

which the tile was headed and the applied force. In Step (a), the tile approached the

synthetic faecal matter. In Step (b), the tile touched the synthetic faecal matter at a

vertical force of 1N. Step (c) involved the tile being pulled away from the synthetic faecal

matter to determine the vertical adhesion force (N), and Step (d) represented the complete

detachment of the tile from the synthetic faecal matter.
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6.2.5 Effect of random copolymer structure on adhesion force

Figure 6.9 presents plots of vertical force in newtons (N) against time in seconds for a bare-

cleaned glazed ceramic tile, designated as the control, along with the random copolymer

samples. A variation in adhesion force was observed among all samples during the stage

when the tile was removed from the synthetic faecal matter. The figure illustrates a clear

variation in the maximum vertical force, between the synthetic faeces and the uncoated and

the different coated tiles. In all cases the maximum adhesion force for coated tiles is less than

that for the bare tile, this suggests that the coatings all reduce the adhesion between the

tile and synthetic faeces. This demonstrates that the macroscale data reflects the changes

in the micro and nanoscale information on surface charge and contact angle.

Additionally, there is variation in the rate of the rise of the compressive vertical force when

the tile begins to come into contact with the synthetic faeces and compresses to a set force

of 1 N. The variation in data may be attributed to the consistency of the synthetic faeces;

as it was made (described in Chapter 3), it was quite difficult to remove the lumpy parts.

Therefore, the synthetic faeces were not all of the same consistency; however, they were set

to a constant dimension of 0.5± 0.01 cm.

199



The Effect of Deposited Polymer on the Attachment of Viscoelastic Material

Figure 6.9: Plot showing vertical force (N) against time (s) for the bare control tile (0:0:0)

and random copolymers. The plot shows a single experiment, however, three of each

measurement were carried out to assess reproducibility.

Figure 6.10 represents the vertical adhesion force in newtons (N) on the y-axis, while the x-

axis lists the copolymer compositions, denoted by their respective AA:MAETAC:DMAEMA

ratios. Each bar in the graph corresponds to a specific copolymer composition and shows

the mean vertical adhesion force measured across three replicates, with error bars indicating

the standard error of the mean (SEM) to account for measurement variability.

The uncoated glazed ceramic tile (composition 0:0:0) exhibits the highest vertical adhesion

force, approximately 0.33 N, suggesting that the strongest adhesion of the material to the

bare tile surface. All the coated samples show lower adhesion force. The copolymer with

the composition 10:30:60 shows the lowest vertical adhesion force, around 0.25 N, indicating

this coating has the greatest effect on adhesion. A general trend is observed where the

adhesion force decreases as the MAETAC content in the copolymer decreases, particularly

noticeable from the 10:90:0 to the 10:80:10 and then to the 10:60:30 compositions. However,
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an increase in adhesion force is seen in the 10:0:90 sample compared to the 10:30:60 and

10:10:80 samples, suggesting that increasing DMAEMA content does not consistently lead

to lower adhesion.

The variations in vertical adhesion force can be attributed to differences in copolymer com-

position, which likely affect surface properties such as hydrophobicity, surface roughness, and

charge distribution. The 10:30:60 composition, characterised by relatively higher DMAEMA

and moderate AA and MAETAC content, results in the lowest adhesion force. This sug-

gests that the surface characteristics imparted by this composition, potentially balancing

hydrophilicity and electrostatic interactions, are particularly effective at minimising adhe-

sion. In contrast, the high adhesion force observed in the uncoated sample underscores the

coatings’ effectiveness in reducing adhesion compared to bare tiles, highlighting the utility

of these copolymer films.

The error bars on the graph emphasise the statistical difference of the results. Non-overlapping

error bars between certain samples, such as between 0:0:0 and 10:30:60, suggest statistically

different differences in adhesion forces. This validation confirms that the observed effects of

different copolymer compositions on adhesion reduction are genuine and not merely due to

random variability. Specifically, where error bars do not overlap, it suggests that the differ-

ences in adhesion force are attributable to the specific effects of the copolymer compositions.
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Figure 6.10: Illustrates average maximum adhesion force (N) for different copolymer

compositions with standard error bars. The copolymer compositions are represented as

ratios of AA:MAETAC:DMAEMA. Each bar represents the mean value from three

measurements for each copolymer, with the error bars indicating the standard error of the

mean.

6.2.6 Effect of random copolymers on the work of adhesion

When the tile is withdrawn from the surface, an adhesion force between the tile and the

synthetic faeces is measured using the force board. The variation in force over time is

illustrated in Figure 6.9, where the area under the curve represents the total work required

for removal. This area can be correlated to the total work of removal as follows:

W =

∫
F dx (6.2)
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In this equation:

Where W is the work of removal (in Joules), F is the force (in Newtons), and dx is the

infinitesimal displacement.

Figure 6.11 displays the work of removal obtained from equation 6.2 (in Joules, J) on the

y-axis, which is calculated by integrating the force over the distance (area under the force-

displacement curve) and multiplying by velocity (10.05 mm/s). The x-axis shows various

random copolymer compositions (AA:MAETAC:DMAEMA) in different ratios. Each bar

represents the average work of removal for a specific copolymer composition, with error bars

indicating the standard error of the mean (SEM), for three measurements.

Unlike the peak adhesion force, the work of removal for the different copolymer compositions

is sometimes greater than that for the bare tile. There is a substantial effect of composition

on the energy required to remove adhered material. Certain compositions demand notably

more work of removal than others, indicating differences in adhesion strength and surface

interactions. For example, the copolymer composition 10:10:80 exhibits the highest work of

removal, suggesting strong adhesion that requires more energy to detach. In contrast, the

10:90:0 composition shows the lowest work of removal, indicating weaker adhesion. Inter-

mediate values are observed in compositions like 10:60:30 and 10:45:45, reflecting varying

degrees of adhesion strength. There are some copolymer compositions for which the work of

removal is less than that of the bare tile.

Overlapping error bars in some compositions (e.g., 10:60:30 and 10:45:45) imply that the

differences in the work of removal may not be statistically significant. Conversely, non-

overlapping error bars (e.g., between 10:10:80 and 10:60:30) suggest statistically different

differences in the work of removal, reinforcing the reliability of the observed trends.

The work of removal measures the energy required to overcome the adhesive forces between

the copolymer coating and the adhered material. Differences in copolymer composition likely
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influence surface energy, roughness, and chemical interactions, affecting adhesion strength.

Compositions with higher work of removal may exhibit stronger van der Waals forces, hy-

drogen bonding, or other intermolecular interactions requiring more energy to break.

Understanding the relationship between copolymer composition and adhesion properties can

inform the design of coatings for specific applications. Compositions with lower work of

removal may be suitable for applications requiring easy cleaning or low-fouling surfaces.

Conversely, compositions with higher work of removal may be desirable for applications

where strong adhesion is necessary, such as in protective coatings or adhesives.

Figure 6.11: Work of removal (J) calculated from equation (6.2) for different copolymer

compositions with standard error bars. The copolymer compositions are represented as

ratios of AA:MAETAC:DMAEMA. Each bar represents the mean value from three

measurements for each copolymer, with the error bars indicating the standard error of the

mean.
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6.2.7 Preliminary experiments with FLuSHT

The aim of the FLuSHT test was to expose synthetic faeces to flow similar to those found

in toilets. Time did not permit full investigation of the equipment, but it was possible to

study how faeces were removed by the water flow. Experiments were conducted in which the

velocity of the model faeces was measured during removal. It would be expected that the

less adhesion, the faster the sliding velocity, i.e. the lower the coefficient of friction.

Figure 6.12 displays preliminary data from the FLuSHT test. The y-axis shows the sliding

velocity in millimetres per second (mm/s), while the x-axis shows various random copoly-

mer compositions (AA:MAETAC:DMAEMA). Pink bars indicate the sliding velocity before

rinsing, and orange bars show the sliding velocity after rinsing.

It can be seen that most of the copolymers covered surface show sliding velocities that are

greater than those for the clean tiles, suggesting that the polymers do lower the coefficient

of friction. The sliding velocities exhibit significant variation across different copolymer

compositions, highlighting the substantial impact of composition on surface properties. Ad-

ditionally, notable differences in sliding velocities are observed before and after rinsing for

most compositions. Some compositions show a significant decrease in sliding velocity post-

rinsing (e.g., 10:90:0 and 10:80:10), suggesting that rinsing has given the surface a higher

coefficient of friction. Conversely, other compositions show a decrease or minimal change in

sliding velocity after rinsing (e.g., 10:30:60 and 10:45:45), indicating that rinsing may not

have affected the coefficient of friction significantly.

The sliding velocity is influenced by the surface properties of the copolymer samples, which

are affected by their composition and the treatment they undergo, such as rinsing. Rins-

ing can remove surface contaminants or loosely bound molecules, which might smooth the

surface, resulting in increased sliding velocity or exposing underlying layers with different

properties, changing the coefficient of friction. Increased sliding velocity after rinsing could
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be due to the removal of a rough or sticky surface layer, resulting in a smoother, more uniform

surface with lower friction. Conversely, decreased sliding velocity after rinsing might occur

if rinsing exposes a rougher or chemically different layer, increasing friction and resistance

to sliding.

Figure 6.12: A comparison of preliminary data on sliding velocity (in millimetres per

second, mm/s) before and after rinsing for various AA:MAETAC:DMAEMA polymer

ratios. Pink bars represent the sliding velocity before rinsing, while orange bars depict the

sliding velocity after rinsing.

The method thus seems to be able to discriminate between different coatings and maybe

develop into a test method. Some improvements are possible:

(a) Redesign the flow system to achieve more uniform water distribution.

(b) Explore additional experimental approaches. Measuring the static coefficient of friction

could be accomplished by:
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(i) Keeping the tile at a constant angle, gradually increasing the water flow from zero

and recording the flow rate at which the material begins to move.

(ii) Maintaining a constant flow rate while varying the angle of the tile relative to

the horizontal, and recording the angle at which the material starts to move. At

this angle, the force exerted by the water balances the static frictional force of

the adhered material.

The method needs further development, but the preliminary experiments suggest that it

could be modified to create a rapid way of testing formulation at a realistic scale.

6.3 Conclusions

Chapter 6 has investigated the development of innovative random copolymer additives de-

signed to reduce adhesion forces on glazed ceramic surfaces. By synthesising various copoly-

mer compositions and employing comprehensive testing methods—including contact angle

measurements, the force board test, and the FLuSHT test. The findings underscore the

critical role of surface properties, particularly wettability, in influencing adhesion forces, as

evidenced by the contact angle and force board data. The surface energetics and the re-

sulting adhesive behaviour of the samples has been addressed using contact angle and force

board measurements.

The random copolymers synthesised in this study, consisted of acrylic acid (AA), methacry-

loyloxyethy ltrimethylammonium chloride (MAETAC), and dimethylaminoethyl

methacrylate (DMAEMA) in varying ratios shown in Table 5.2. These compositions have

been designed to investigate how different monomer ratios influence adhesion properties on

glazed ceramic surfaces.

The contact angle measurements yielded essential insights into the surface wettability of
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the copolymer-coated ceramics. Static contact angle data revealed that copolymers with

higher MAETAC content created more hydrophilic surfaces, resulting in lower static contact

angles. These hydrophilic surfaces reduce the interfacial energy between the ceramic surface

and adhering substances, facilitating their removal. (See Figure 6.2 for static contact angle

results across different copolymer compositions). Faster wetting kinetics were observed with

higher MAETAC content, indicating quicker surface wetting as shown in Figure 6.6.

The force board test provided quantitative data on the force required to displace materials

adhered to the copolymer-coated surfaces. The results of this test showed a clear correlation

with the contact angle data. Copolymers exhibiting lower static contact angles (indicating

more hydrophilic surfaces) show a reduction in the force required to move adhered materials

in the force board test. This relationship indicates that increased hydrophilicity, as quan-

tified by contact angle measurements, translates to reduced adhesion strength, facilitating

the displacement of adhered materials. This can be seen in Figure 6.10 for the force board

test results and Figure 6.2 for static contact angle data. The dynamic contact angle data,

particularly the low hysteresis observed, suggests that these surfaces maintain consistent

wettability during movement. This consistency is reflected in the force board test results,

where less force was needed to initiate movement on these low-hysteresis surfaces, further

supporting the notion that uniform surface energy leads to reduced adhesion forces. (See

Figure 6.10 for the analysis of force board results and Figure 6.6 for dynamic contact angle

data). The rapid wetting kinetics observed in certain copolymers correlate with a quicker

reduction in adhesion forces in the force board test. This suggests that in real-world applica-

tions where surfaces encounter liquids, these copolymers can swiftly alter their wettability to

reduce adhesion, thereby enhancing performance in environments with dynamic interactions.

In addition to the force board test, the vertical adhesion tests and FLuSHT provided further

evidence of the copolymer coatings’ effectiveness. The vertical adhesion tests confirmed

that surfaces treated with copolymers, particularly those with higher MAETAC content,

exhibited reduced adhesion forces, aligning with the contact angle and force board data.
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(See Figure 6.10 for vertical adhesion test results). The FLuSHT results demonstrated that

these copolymer coatings maintained their anti-adhesion properties under flow conditions,

which is crucial for applications where surfaces are exposed to fluid flow.

The correlation between contact angle data and force board results highlights the impor-

tance of fine-tuning copolymer compositions. Achieving the right balance of hydrophilic and

hydrophobic monomers, as demonstrated by MAETAC’s role, is key to optimising adhesion

reduction. However, the study also indicated that higher DMAEMA content could introduce

inconsistencies in performance, necessitating careful optimisation to ensure uniform surface

energy and reliable adhesion reduction.

This thesis makes a significant contribution to surface engineering by linking contact angle

measurements to practical adhesion outcomes, as demonstrated by the force board test. The

integration of static, dynamic, and kinetic wettability data with other performance metrics

offers a comprehensive understanding of how these copolymer coatings function.
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Chapter Seven

Final Conclusions and Future Work

The research detailed in this thesis focuses on the development and evaluation of innovative

polymer additives to enhance the anti-fouling properties of glazed ceramic surfaces, specifi-

cally in sanitary ware such as toilets. Through an extensive exploration of polymer science,

experimental methodologies, and detailed analyses of polymer behaviour in solution and at

surfaces, this work provides valuable insights into optimising polymer coatings for practical

applications. This chapter summarises the key findings, discusses the overall implications of

the research, identifies the most effective polymer for the project, and outlines the broader

impact on toilet design and manufacturing.

Chapter 2 lays the groundwork by exploring polymer behaviour in various environments, with

a particular emphasis on polyelectrolytes. The interaction of these polymers with surfaces

and their ability to modify surface properties are central to this discussion. Key findings

highlight the critical role of polymer structure, especially in polyelectrolytes, in influencing

surface interactions. Block copolymers’ ability to form stable, hydrated layers on ceramic

surfaces emerged as a significant factor in their effectiveness as anti-fouling agents. The

balance between hydrophilic and hydrophobic segments within the polymer architecture was

found to be crucial for optimal surface coverage and fouling minimisation. Additionally,

the chapter underscores the importance of polymer solubility and interfacial conformation in
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determining the efficacy of surface coatings, essential for long-term anti-fouling performance.

Chapter 3 details the experimental techniques used to assess polymer performance, including

Quartz Crystal Microbalance with Dissipation (QCM-D), Atomic Force Microscopy (AFM),

and Dynamic Light Scattering (DLS) on the nanoscale. QCM-D was key in measuring the

mass of polymer adsorbed onto surfaces, while AFM provided insights into the uniformity and

thickness of the polymer layers, which are critical indicators of their anti-fouling potential.

DLS and Zeta Potential measurements contributed to understanding the size distribution and

charge characteristics of the polymers in solution, influencing their adsorption behaviour and

the stability of the resulting coatings. Together, these methodologies offered a comprehensive

understanding of how polymer structure affects surface interactions, which is crucial for

evaluating the effectiveness of different polymer architectures.

A series of experimental techniques were identified and outlined to investigate polymer ad-

sorption, with a focus on quantifying adsorption, analysing the associated kinetics, and

evaluating the effects on interfacial properties. These methods integrate nanoscale (QCM,

AFM, DLS) measurements with macroscale (Surface Tension, Force Board and FLuSHT

measurements) observations to establish a correlation between properties observed at the

nanoscale and those at the full scale. The subsequent chapters will apply these techniques

to examine various polymer-interface combinations.

Chapter 4 delves into the interactions between negatively charged surfaces and block copoly-

mers composed of polyethylene oxide (PEO) and poly(2-(dimethylamino)ethyl methacrylate)

(PDMAEMA). The objective was to create a surface additive for toilet bowls that repels dirt

and reduces soil attachment, addressing a gap in current commercial products. Using QCM

and AFM, the study examined how these copolymers adsorb onto surfaces, focusing on ad-

sorption kinetics, surface coverage, and antifouling properties. The findings indicate that in-

creasing PDMAEMA content generally led to higher adsorption due to stronger electrostatic

interactions, though the relationship was complex, influenced by molecular configuration and
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steric hindrance.

The copolymer 5.0-b-5.6 showed the fastest initial adsorption rate and highest mass ad-

sorption, making it a strong candidate for applications requiring quick and effective surface

coverage. In contrast, the copolymer with lower PDMAEMA content (5.0-b-2.5) exhibited

the least adsorption and weakest surface interactions. Despite promising adsorption charac-

teristics, none of the copolymers demonstrated effective antifouling properties against Bovine

Serum Albumin (BSA), likely due to insufficient surface coverage or high BSA concentrations.

The study suggests that denser polymer packing might be necessary for effective antifouling,

though achieving this in practical applications could be challenging. These findings provide

insights into developing advanced coatings for sanitary applications, particularly in improv-

ing adsorption efficiency and stability, though further refinements are needed to enhance

antifouling capabilities.

Chapter 5 investigates the development and evaluation of innovative additives for glazed

ceramics, focusing on how various random copolymers (see Table 5.2) interact with silicon

dioxide surfaces under different pH conditions. The study aims to enhance the antifouling

properties of ceramic surfaces, particularly in toilet bowls, using techniques like DLS and

QCM. The findings reveal that pH significantly influences the behaviour of copolymers.

At acidic pH (2), copolymers form small, positively charged particles that are stable and

show minimal aggregation. Neutral pH results in a dynamic equilibrium with moderate

particle sizes, while alkaline pH (10) produces larger, negatively charged particles prone to

aggregation.

The study also demonstrates that pH levels affect the mass adsorption of copolymers on

silicon dioxide surfaces. Acidic conditions reduce adsorption due to protonation, neutral pH

allows moderate adsorption, and alkaline conditions enhance adsorption due to deprotona-

tion effects. Among the copolymers, MAETAC:AA exhibited the highest initial adsorption

and superior long-term antifouling performance, making it a promising candidate for self-
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cleaning toilet surfaces. In contrast, DMAEMA-based copolymers showed lower effectiveness

in preventing fouling.

Environmental pH is a critical factor influencing polymer performance. Alkaline conditions

favoured better polymer adsorption due to deprotonation effects on the polymer chains,

leading to larger and more stable structures that enhanced interaction with ceramic sur-

faces. Polymers with strong electrostatic interactions, such as those containing the MAETAC

monomer, exhibited the highest adsorption efficiencies. These polymers maintained their

integrity and functional properties even after multiple wash cycles, essential for practical ap-

plications. The random copolymer composition, specifically MAETAC:AA, was particularly

effective in reducing surface fouling. This composition provided a balanced combination of

electrostatic and hydrophobic interactions, contributing to superior anti-fouling performance.

Chapter 6 focused on the development of random copolymer additives designed to reduce

adhesion on glazed ceramic surfaces. The study involved random copolymers with varying

proportions of acrylic acid (AA), MAETAC, and DMAEMA (see Table 5.2), and assessed

their effects using contact angle measurements, force board tests, and FLuSHT tests.

The key findings indicated that increasing the MAETAC content enhanced surface hy-

drophilicity, leading to lower static contact angles and reduced adhesion forces. This corre-

lation between hydrophilicity and decreased adhesion was consistently observed across mul-

tiple tests, suggesting that these copolymers can improve performance by rapidly altering

wettability in dynamic environments. The study underscores the importance of optimising

copolymer compositions to achieve effective adhesion reduction.

Based on the findings from this research, the ideal polymer coating to repel foulants would

densely pack the surface to maximise its anti-fouling properties. Given that this research is

sponsored by Innospec, it is important to incorporate their additives into the formulation.

MAETAC should be included in the formulation for an ideal polymer coating, as it demon-

strated strong adsorption onto the sensor’s surface, as discussed in Chapter 5. Additionally,
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PEO should be incorporated into the formulation, as it was shown in Chapter 4 to repel

BSA, but only when densely packed onto the surface. To ensure significant adsorption, a pH

of 10 should be considered, as indicated in Chapter 5.

The findings have significant implications for the ceramics industry. By tailoring polymer

formulations, manufacturers can enhance the durability and functionality of ceramic coatings,

reducing maintenance costs and improving user satisfaction with cleaner and more resilient

surfaces. The research also highlights the potential for these innovative additives to be

applied in various other industries, such as biomedical devices, marine coatings, and food

packaging, where anti-fouling properties are highly desirable.

7.1 Future Work

Building on the significant findings from this research, several promising avenues for future

work are proposed to further advance the field of polymer additives for ceramic coatings.

While the work conducted thus far has laid a strong foundation, numerous opportunities re-

main to deepen our understanding and enhance the practical applications of these materials.

Future research should focus on optimising polymer architectures for specific applications

by thoroughly investigating various factors such as monomer ratios, molecular weights, and

copolymer configurations. Understanding how these variables influence the performance of

polymer additives in ceramic coatings could lead to the development of more effective and

specialised materials. For example, by exploring different monomer ratios, researchers can

fine-tune the balance between hydrophobic and hydrophilic properties, which is crucial for

applications such as anti-fouling or self-cleaning surfaces. Additionally, varying molecular

weights can affect the polymer’s mechanical strength and flexibility, both of which are im-

portant factors in the durability of the coating.
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Advanced computational modelling and simulations offer powerful tools for predicting and

tailoring polymer behaviour at interfaces. By leveraging these technologies, researchers can

gain insights into the most effective polymer structures for various applications. For instance,

simulations can predict how a polymer will adsorb onto a ceramic surface, helping to identify

the optimal architecture for maximum adhesion or anti-fouling properties. Moreover, by

simulating interactions between the polymer and potential foulants, researchers can assess

the polymer’s efficacy as an anti-fouling agent before conducting time-consuming and costly

experiments. This approach not only accelerates the research process but also allows for a

more targeted investigation of promising candidates.

Further research should also include the following:

• Investigating the response of random copolymers to BSA (Bovine Serum

Albumin): The random copolymers listed in Table 5.2 were not tested against BSA

due to time constraints. Conducting this analysis could provide valuable insights into

how different ratios of MAETAC (Methacryloyloxyethyl Trimethyl Ammonium Chlo-

ride) to DMAEMA (Dimethylaminoethyl Methacrylate) affect interactions with BSA.

This information could be critical for designing coatings with improved protein resis-

tance, which is essential in applications such as biomedical devices and water filtration

systems.

• Assessing the long-term performance and durability of polymer coatings:

To ensure that the developed polymer coatings are viable for real-world applications,

it is crucial to evaluate their long-term performance under various conditions. Future

studies should include accelerated ageing tests that simulate extended exposure to

environmental factors such as temperature fluctuations, and humidity. Mechanical

wear testing is also important to assess the coatings’ ability to withstand physical

stress and abrasion over time. These tests will provide a comprehensive understanding

of the coatings’ longevity and robustness, guiding further optimisation efforts.
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• Developing standardised testing protocols for anti-fouling performance:

The effectiveness of anti-fouling coatings can vary significantly depending on the ap-

plication environment. To accurately assess their practical utility, it is essential to

develop standardised testing protocols that mimic real-life scenarios. For instance,

testing in household toilets, which involve frequent exposure to water, cleaning agents,

and biological waste, would provide a realistic measure of the coatings’ performance

in domestic settings. Similarly, testing in marine environments, where coatings must

resist biofouling from organisms such as barnacles and algae, would be crucial for ap-

plications in the shipping and offshore industries. By establishing these standardised

protocols, researchers can ensure that their findings are applicable to the intended use

cases, facilitating the transition from laboratory research to commercial products.

• Enhancing Realism and Reliability in Experimental Setup for FLuSHT:

To enhance the relevance and accuracy of the FLuSHT system, future work should

focus on replicating real-world toilet conditions by incorporating variable geometry

and simulating the swirling action of water during flushes. Expanding environmental

testing to include controlled temperature, humidity, and water pH will provide deeper

insights into coating performance. Testing a broader range of materials, such as stain-

less steel and composites, and evaluating coating durability over repeated flush cycles

will increase the applicability of findings. Refining the formulation of synthetic fae-

ces and automating both their preparation and the experimental setup will improve

consistency and data reliability.

Further, developing standardised, automated cleaning protocols and exploring ad-

vanced coating techniques, like spray or dip coating, will ensure uniform performance.

Validation of the FLuSHT system through comparison with real-world toilet flushes

and employing statistical methods will strengthen result reliability. Finally, dissem-

inating findings through publications, conferences, and collaborations with industry

stakeholders will help translate this research into practical applications. Implementing
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these enhancements will significantly improve the system’s reliability and impact.

These proposed avenues for future research not only build on current findings but also aim

to address the challenges and gaps that remain in the field. By pursuing these directions,

the development of polymer additives for ceramic coatings can be further refined, leading to

more effective, durable, and versatile solutions for a wide range of applications.
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Appendix One

Section A

1 # 1. Put all force curves to analyse in one folder

2 # 2. Set folder name below

3 # 3. Run 1st cell

4 # 3. Name each sample in the ’samples ’ variable below - note each

↪→ name must be in quotation marks , followed by ’: [],’

5 # 4. Run 2nd cell

6 # 5. Plot data below , calling the relevant samples using the sample

↪→ names specified

7

8 import glob , os

9 from nanoforce import AFM

10 import pandas as pd

11 import seaborn as sns

12 import plotly.graph_objects as go

13 from plotly.subplots import make_subplots

14 import numpy as np

15 import matplotlib.pyplot as plt

16

17 folder_name = r’E:\AFM\4th Year\Borosilicate\Just a few’

218



Section A

18 os.chdir(folder_name)

19 files = glob.glob("*.000")

20 print(*files , sep=’\n’)

21

22 # Analysis script - only change sample names!

23 samples = {

24 ’P4860 ’: [],

25 }

26

27 i = 0

28 adhesion_df = pd.DataFrame ()

29 modulus_df = pd.DataFrame ()

30

31 for sample in samples.keys():

32 samples[sample] = AFM()

33 samples[sample ]. set_run_name(sample)

34 samples[sample ]. file_name = files[i]

35 i += 1

36

37 # samples[sample ]. nanosurf_import () # If using Nanoscope files

↪→ replace this with:

38 samples[sample ]. input_files ()

39 samples[sample ]. nanoscope_params ()

40 samples[sample ]. nanoscope_read ()

41 samples[sample ]. baseline ()

42 samples[sample ]. contact ()

43 samples[sample ]. adjust_tip_position ()

44

45 samples[sample ]. calc_adhesion ()
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46 # samples[sample ]. calc_modulus ()

47

48 adhesion_df.insert(loc=0, column=sample , value=samples[sample ].

↪→ adhesion)

49 modulus_df.insert(loc=0, column=sample , value=samples[sample ].

↪→ modulus)

50

51 for i in [13, 81]:

52 approach_force = samples[’P8571 01’]. approach[:, i]

53 approach_distance = samples[’P8571 01’]. z_approach [:, i]

54 withdraw_force = samples[’P8571 01’]. retract[:, i]

55 withdraw_distance = samples[’P8571 01’]. z_withdraw [:, i]

56

57 np.savetxt(’P8571 01 good’ + str(i) + ’.csv’,

58 np.transpose ([ approach_force , approach_distance ,

59 withdraw_force , withdraw_distance ]))

60

61 # Function to plot all force curves for specified sample

62 samples[’P8571 01’]. plot_curves ()

63

64 # Function to overlay all approach and withdraw curves for specified

↪→ sample

65 expt = samples[’Uncoated with PS PROBE’]

66

67 fig = make_subplots(rows=1, cols=2,

68 subplot_titles =("Approach curves", "Retract

↪→ curves"))

69

70 for curve_number in range(0, expt.approach.shape [1]):
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71 fig.add_trace(go.Scatter(y=expt.approach[:, curve_number],

72 x=expt.z_approach [:, curve_number],

73 mode=’lines’, name=’Approach curve (raw)

↪→ ’),

74 row=1, col=1)

75 fig.add_trace(go.Scatter(y=expt.retract[:, curve_number],

76 x=expt.z_withdraw [:, curve_number],

77 mode=’lines’, name=’Retract curve (raw)’

↪→ ),

78 row=1, col=2)

79

80 fig[’layout ’][’xaxis’][’title’] = ’Piezo position (nm)’

81 fig[’layout ’][’xaxis2 ’][’title’] = ’Piezo position (nm)’

82 fig[’layout ’][’yaxis’][’title’] = ’Force (nN)’

83 fig[’layout ’][’yaxis2 ’][’title’] = ’Force (nN)’

84

85 fig.update_layout(height =500, width =1200,

86 showlegend=False , template=’plotly_white ’)

87 fig.show()

Listing A.1: AFM Force Curve Analysis Script
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Section 2

1 import pandas as pd

2 import matplotlib.pyplot as plt

3 import seaborn as sns

4

5 # Define the file path

6 file_path = r’C:\Users\ANN949\OneDrive - University of Birmingham\

↪→ Birmingham\DATA\Force Board\To find area under the curve.xlsx’

7

8 # Load the data into a pandas DataFrame

9 df = pd.read_excel(file_path)

10

11 # Define the columns to be plotted

12 columns_to_plot = [

13 ’Bare_Vertical Force’,

14 ’200993 _02_Vertical Force’,

15 ’1456 _02_Vertical Force’,

16 ’1457 _02_Vertical Force’,

17 ’1458 _02_Vertical Force’,

18 ’1459 _01_Vertical Force’,
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19 ’1460 _02_Vertical Force’,

20 ’1461 _03_Vertical Force’

21 ]

22

23 # Define custom legend texts

24 custom_legend_texts = [

25 ’0:0:0’,

26 ’10:90:0 ’,

27 ’10:80:10 ’,

28 ’10:60:30 ’,

29 ’10:45:45 ’,

30 ’10:30:60 ’,

31 ’10:10:80 ’,

32 ’10:0:90 ’

33 ]

34

35 # Subtract the initial time value from the ’Time’ column to shift the

↪→ data

36 df[’Time’] = df[’Time’] - df[’Time’].min()

37

38 # Define the custom color palette

39 palette = ["#e22e82", "#ec7e08", "#65 ae34", "#13 a4d9", "#084 e7a", "#9

↪→ E3194", "#F50214", "#878482"]

40

41 # Plotting the data with higher DPI and decreased line width for

↪→ better appearance

42 plt.figure(figsize =(7, 4), dpi =100) # Adjusted DPI for better

↪→ quality

43 for i, column in enumerate(columns_to_plot):
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44 plt.plot(df[’Time’], df[column],

45 label=custom_legend_texts[i],

46 color=palette[i],

47 linewidth =1.5) # Decreased line width

48

49 plt.xlabel(’Time (seconds)’)

50 plt.ylabel(’Vertical Force (N)’)

51 plt.legend(title=’AA:MAETAC:DMAEMA ’, fontsize=9, title_fontsize =10)

↪→ # Adjusted legend text sizes

52 plt.xlim(left =0) # Ensure x-axis starts at zero

53 plt.show()

Listing B.1: Plotting Vertical Force for Different Polymer Compositions
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