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Abstract 

There is a widespread interest in finding efficient ways to deliver cleaning on synthetic fabrics (eg. 

polyester), particularly in challenging laundry conditions that use low washing temperature and short 

rinse cycle.  

This study advances understanding of using soil release polymers (SRPs) to modify polyester and cotton 

surfaces and deliver better cleaning in these challenging washing conditions. The effect of chemical 

structure of SRPs and deposition parameters such as pH and water hardness on surface modification 

was assessed. Streaming potential, scanning electron microscopy and thermal gravimetric analysis were 

used to characterize the fabric surface before and after polymer deposition, and results were correlated 

to bulk data coming from UV/vis spectroscopy, as well as to soil release and protein release/deposition 

data. Results showed that all SRPs analysed are effective in modifying polyester and improving grease 

release from fabrics compared to untreated polyester.  

The interactions between SRPs and surfactants with different structure were studied by surface tension 

measurements to give insights on SRP-surfactant compatibility. The interactions between the same 

surfactants and typical components of food stains (amylose, protein, oil) were investigated via multiple 

methods and a structure-function correlation model was developed which correlated surfactant 

structures with strength of interaction with soil components. Insights into optimal surfactant structure 

required to achieve efficient cleaning with each of the analysed soil components were derived, as a 

result. The present findings provide new, essential insight into the behaviour of SRP-modified fabrics, 

facilitating the introduction of these new classes of SRPs in laundry detergent formulations, and enable 

the identification of cleaning mechanisms for complex food soils containing starch, oil and proteins. 
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Chapter 1. Introduction 
 

Changes in consumer laundering habits have been observed in the last few decades as a consequence 

of higher consumer awareness of environmental problems. Recent surveys1–5 have highlighted that, 

globally, typical washing temperatures are reducing (≤ 40 °C) to minimize energy consumption. 

Moreover, washing cycles of 30 minutes are preferred to longer ones to save water, energy and time.  

However, in these washing conditions, grease removal from synthetic fabrics, such as polyester, is 

challenging. Therefore, there is research on finding efficient detergents that deliver cleaning on 

synthetic fabrics in this new challenging laundry environment. In this thesis, an investigation of polymer 

and surfactant classes that can be added in laundry detergents to enhance cleaning efficiency on 

synthetic fabrics has been carried out. The polymers under investigation are able to modify the surface 

of the fabric and improve the cleaning efficiency, as shown in this thesis. Additionally, the interactions 

between different types of surfactant and main components of the soil have been studied as a way to 

identify structural features that are needed in surfactants to enhance the interaction with the soil and 

deliver better cleaning. 

1.1 Soil attachment on fabrics 

1.1.1 Fabrics composition and structure 

Textiles are widely used in many applications, including clothing, home interior and personal and 

healthcare. As a consequence, there is a growing interest in identifying chemical and physical processes 

which reduce textile cost, impove their durability and deliver specific benefits to the final product (e.g. 

superhydrophobicity; anti-wrinkling; stretchability). In most cases, these processes modify the surface 

of the material without affecting the bulk properties of the material, and the processes are strictly related 

to fabric structure and composition. Therefore, a deep understanding of surface modification of textiles 

goes hand in hand with an understanding of fabrics type and structure.  
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Fabrics are composed of fibres, which can be described as a single elongated piece of a given material 

with a cylindrical structure. Fibres that can be aligned and/or twisted together to create yarn which can 

then woven together to form a fabric.There are many different types of fibres (cotton, polyester, wool, 

nylon etc) which can be used, either on their own or in combination with each other to create blends of 

fabric (eg. polycotton is made from a combination of cotton and polyester fibres woven together). The 

fabric characteristics are related to the chemical properties of the fibres. Moreover, the arrangement of 

the fibres has an effect on fabrics durability, elasticity, wettability and wicking6. For instance, it is 

known that the contact angle measured on fabrics is influenced by their porosity and yarn diameters7–9. 

According to the arrangement  of yarns and fibres,  fabrics are classified as woven, knitted  or non-

woven fabrics10. The term woven-fabric is used to refer to fabrics where yarns are interlaced at a right 

angle (90°), therefore a repetitive geometric structure is obtained (Figure 1a). Instead, knitted fabrics 

are made of yarns that are interlacing, forming loops that can be easily stretched. This structure results 

in great elasticity and stretchability of the fabric (Figure 1b). If the fibres are directly entangled via 

chemical, mechanical or thermal treatment, without forming any yarns, the fabric is identified as non-

wowen or flat (Figure 1c). 

 

 

Figure 1 - Yarns arrangement for woven (a) and knitted (b) fabrics. Absence of yarns in the case of flat fabrics (c).  

The most commonly used fabrics, nowadays, are cotton and polyester, which are characterized by 

different chemical and physical properties10. Cotton11 is a fabric made of natural fibres mainly composed 

of α-cellulose and some uncellulosic polymers (carbohydrates, proteins), as minor components. Its 

fibres are characterized by high strength and fineness and they have diameters around 16-21 μm12. 

Cotton tends to be rigid and stiff and is very hydrophilic13 due to the presence of hydroxyl groups, which 

interact with water molecules and result in high moisture retention.10 Historically, cotton has been the 
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most used textile, but it has progressively been replaced by synthetic fibres. Among these, polyester has 

become one of the most common textile for clothing and home interior14,15 and it is expected to become 

the most used fabric in the next decade. Polyester is composed of fibres which diameter is between 12-

25 μm and which mainly contain polyethylene terephtalate (PET). It has high toughness and durability,  

and, therefore, it is used for clothing, household and medical applications15. 

 

One of the main differences between cotton and polyester is related to their surface energy and moisture 

management. Fast transportation of human sweat and water vapour through the fabric occurs in cotton 

because of its hydrophilicity and low thermal resistance16, therefore cotton is a suitable textile for hot 

weather. Conversely, polyester is more hydrophobic, confirmed by its higher water contact angle, and 

has high thermal resistance, becoming an ideal textile for thermal insulating clothes. Because of their 

large use in textile industry, and their very different properties, cotton and polyester are the most studied 

textiles and leading to increased interest in their cleanability. 

1.1.2 Soiling of fabrics 

A detailed understanding of fabric cleaning processes requires improved understanding of the 

mechanisms of soil adhesion on fabrics. Soiling occurs when dirt (grease, oil, dust) deposits on the 

fabric surface, affecting fabric appearance as a consequence12. The resulting deposit is called soil, if the 

deposit is homogeneously distributed on the surface, or stain, if the deposit occurs in a discrete region. 

The origin and composition of the deposit can be different but, in general, soil is composed of a mixture 

of fluid and solid particles, where the fluid is adsorbed on the solid particle17. The fluid, which can be 

an oil, grease or resin, is responsible for binding and retaining the soil particles. This mechanism of soil 

particle entrapment is generally called oil bonding and it involves particles that can be organic or 

inorganic, macroscopic or microscopic. In some cases, it is also possible to have stains that are 

composed of a single component, as in the case of fluid stains, usually composed of only oil, or dry 

solid particulate stains (eg. clay)18.  
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Soiling degree depends on the nature of the dirt as well as the properties of the surface where the soil 

deposits. An important parameter affecting soil deposition is the contact area between the soil and the 

textile. Therefore, soiling is highly dependent on the structure of the fabric and it has been observed 

that the soil accumulates in the space between yarns, in the pores between the fibres of a yarn or on the 

external surface of the fabric. As a consequence woven fabrics experience higher degree of soiling 

because of their higher surface area, whereas lower soil deposition occurs on non-woven fabrics17.  

 

The soiling process involves different kinds of interactions that can be distinguished in mechanical 

forces, electrostatic forces or adhesion forces. Among the mechanical forces, capillary pressure plays a 

primary role in the soiling process as it leads to penetration of the fluid soil in the textile structure with 

entrapment of the soil in the inter-yarn (micro-occlusion), pores (macro-occlusion) or between fibres18.  

Capillary pressure (𝜌) is given by the following equation18: 

𝜌 = 
2𝛾 𝑐𝑜𝑠𝜃𝐴

𝑟
       (1) 

where 𝛾 is the surface tension of the liquid, 𝜃𝐴 is the advancing contact angle of the liquid on the surface 

fabric and r is the radius of the inter-yarn pore between fibres. Therefore, it is evident that fluid soil 

penetration depends on fabric structure (represented by the radius of the inter-yarn pore, r), on fabric 

wettability (𝜃𝐴) and on the fluid taken into consideration (𝛾). Considering a certain fabric substrate and 

a fluid (𝛾, 𝑟 fixed), the penetration of the oil in the fabric pores and yarns occurs if 𝜌 > 0. This means 

that the fluid has a lower surface tension than the fabric surface and, therefore, it will wet the fabric.  A 

different driving force is involved in the deposition of dry particulate soils on fabrics, because the 

absence of a fluid component results in an absence of capillary pressure. Instead, the interaction between 

fibres and dry particulate soils is based on adsorption and geometric bonding, where the soil can get 

entrapped in the crevices in the fibres (micro-occlusion) or in the space between fibres or between yarns 

(macro-occlusion)18. 
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The forces involved in the soiling process depend as well on the condition in which soil deposition 

occurs. In most cases, soiling occurs in dry conditions (while wearing or using the fabric), where 

mechanical forces and hydrophobic interactions are the main drivers for the deposition of the dirt. 

However, soiling also occurs in wet conditions19, as in the case of laundry processes. In a washing 

machine the soil is suspended in the washing liqueur and, as they are in the presence of water, ionizable 

groups presents both on soil particles and on fabrics are in their dissociated form. Therefore, 

electrostatic attractions between these groups can occur, causing soil-redeposition on fabric surfaces. 

1.1.3 Soil removal  

Like soiling, soil removal is a complex process that involves a range of driving forces depending on the 

type of stain and fabrics. In the case of fluid  soil, like oil for instance, fabric wettability plays an 

important role in determining the soil removal efficacy19. Removal of oil from textile occurs in three 

phases: rolling up20, emulsification and solubilization. The rolling up involves the displacement of the 

fibre-fluid interfaces and creation of two new interfaces: fibre-water and fibre-oil. As all processes, for 

being thermodynamic favourable it should have a negative value of free energy variation, defined as: 

      ΔE = γo/w+ γf/w - γo/f      (2) 

where γo/w is the surface free energy if oil/water interface, γo/f is the surface free energy if oil/fabric 

interface and γf/w is the surface free energy if fabric/water interface. For soil removal to be spontaneous, 

the following relationship needs to be true: 

𝛾𝑜/𝑓> 𝛾𝑜/𝑤+ 𝛾𝑓/𝑤     (3). 

However, the kinetics of soil release needs to be taken into consideration. One of the simplest cases is 

the removal of oily fluid stains, which requires three steps21. The first step is called the induction period 

and is characterized by slow penetration of water in the fabric structure and slow release of the soil 

present on fabrics surface. After this, the soil-release period takes place, where rolling up, the dislodging 

of soil and water diffusion inside the fabric structure occur. Eventually, the last step occurs, called the 

final period, during which the amount of soil retained is constant. The rate determining step of the 

process is the induction period, which is controlled by the wettability of the fabric, which determines 
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the penetration of water within the fabric structure. Therefore, improving the wettability of a fabric 

increases the speed of the induction period, resulting in an enhancement of the kinetics of the soil 

removal process, thus delivering better cleaning. 

 

Both the kinetic and thermodynamic of soil attachment and removal are related to the surface energy of 

the substrate and surface energy of the fluid soil that deposits on the fabric. For instance, polyester is 

easily wetted by oil, because of polyester hydrophobicity and low surface energy. The oil, which has a 

low surface energy spreads onto polyester surface with a low contact angle22, resulting in a higher oil 

adhesion on polyester and, therefore, removal of oily stains from this type of fabrics is challenging. 

There are several ways to ease the removal of fluid soil from a fabric surface; one possible way is to  

modify fabrics wettability before soiling occurs via plasma treatment for instance23–25, increasing γo/f, 

shortening the induction period and enhancing oil removal from the substrate. However, this is an 

expensive technique and, therefore, it is not used to modify textile that are destined for clothing industry. 

An easier and more accessible way to enhance soil removal is addressed by using detergents during the 

washing process. 

 

1.2 Soil removal via washing process 

1.2.1 Laundry detergent composition 

Soil removal from fabrics can be improved by addition of a detergent in the wash. In the literature, there 

are several definitions of a detergent. However, one of the most general is the description provided by 

Bourne and Jeggins who defined a detergent as “any substance that, either alone or in a mixture reduces 

the work requirement for a cleaning process”26. According to this definition, surfactants can be used as 

detergent. Surfactants are amphiphilic molecules that increase the water wetting ability of fabrics, 

lowering the surface tension of the solution (more details about their structure and characteristics will 

be given in section 1.2.3). In the case of laundry detergents, their role is to remove soil from the fabric 

surface and avoiding its re-deposition via soil emulsification, suspension or solubilization. Most 
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common detergents usually contain surfactants in combination with other  substances that are able to 

improve the cleaning as well as delivering additional benefits27.  

 

It is known that many surfactants are hardness sensitive, which means they form complexes with hard 

water ions (eg. calcium and magnesium); this process is called saponification. These complexes, also 

called soaps, are insoluble and, therefore, precipitate and reduce the cleaning efficiency. As a 

consequence, it is very common in laundry detergent to have builders such as citrate and phosphate. 

The builders form complexes with water hardness ions, preventing their interaction with surfactant and 

enhancing cleaning efficiency of the detergent formulation.  

Other additives widely used in laundry detergent formulations are dyes and bleaching agents. Dyes are 

molecules that deposit on a fabric’s surface during the wash, increasing the whiteness appearance of the 

garments. In the case of white garments, the whiteness is usually achieved by addition of bleaching 

agents. The bleaching agents cause oxidization of compounds that initiate a series of chemical reactions 

to remove any colouring substance from the fabric. More recently, the use of polymers in laundry 

formulation has become very diffuse. Depending on the chemical structure of the polymer, several 

benefits are delivered during the wash, such as anti-re-deposition, soil-release, anti-static and dye-

transfer inhibition. Fragrances are also added in the majority of detergent mixtures. These hydrophobic 

molecules deposit on fabric surface and produce a pleasant scent after the wash. 

 

Some laundry detergents also include enzymes and suds-controlling agents. The enzymes are added to 

improve cleaning, by hydrolysing proteins, lipids or carbohydrates. The suds-controlling agents, on the 

other hand, are added to increase surfactant activity at the liquid-soil interface vs the liquid-air interface, 

in addition to the more practical purpose of avoiding foam leakage from the machine. For instance, in 

hand washing long-last suds are expected. Therefore, suds-stabilising agents are usually included in 

hand washing detergent products. On the other hand, suds-suppressors are commonly added in products 
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for dishwashers and washing machines, as excessive foam is perceived as a negative by the consumer 

and can lead to the foam leaking from the machine or remaining on the garments at the end of the wash. 

1.2.2 Washing temperature and mechanical agitation effect on cleaning 

efficiency 

Mechanical forces and washing temperature play an important role in promoting efficiency of soil 

removal. When mechanical forces are present in a wash, a higher mass transfer of detergents and stains 

takes places and this results in higher washing efficiency28. Washing temperature also has an effect on 

oil removal, where high washing temperatures lead to increased oil removal from fabric29. Both washing 

temperature and mechanical forces have a positive effect on the rolling up of the oil, which consists of 

the displacement of oil from the fibres and formation of oily large globules that can be easily removed 

by surfactants30. Therefore, use of high temperature and a high-spin cycle is advisable to enhance 

cleaning. However, this is in conflict with increasing global demands to reduce the amount of water and 

energy used, which leads to use of low-temperature and short washing cycles in laundry. 

 

The importance of parameters, such as surface energy, surface topography, soil type and the presence 

of detergents, for determining the efficiency of soil removal has been mentioned (section 1.1.3). 

However, it is also important to understand what happens to the soil when it has been removed from 

fabric surface, as the soil might redeposit on the fabric if it is not efficiently emulsified or suspended in 

bulk. When the soil is suspended in the washing liquor, it interacts with the surfactants and other actives 

present in the laundry detergent. The type of soil-surfactant interactions occurring during the wash 

depend on the soil composition.  In this study, an overview on the interaction between surfactants and 

main components of the soil is given and a structure-function relationship between surfactant structure 

and strength of interaction with the soil components is presented.  

1.2.3 Surfactants  

Surfactant are amphiphilic molecules possessing a hydrophobic alkyl tail, of typical chain length in the 

range of 12-18 carbon atoms, and a hydrophilic head group. Surfactants are classified according to the 
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charge and type of surfactant head group, of which there are four classes. The first class of surfactant 

comprises anionic surfactants, which have a negatively charged head group. Sulfate, sulfonate, 

carboxylate and phosphate are the most common surfactants belonging to this class and they provide 

good cleaning and anti-re-deposition benefits because of the electrostatic repulsion between heads. The 

second class of surfactant are the cationic surfactants, which have a positive head group, with the 

quaternary ammonium salts being the most common. Their effect on cleaning is similar to anionic 

surfactants, but they also have additional benefits. In particular, their positively charged head results in 

an increased tendency to deposit on the surfaces, which are generally negatively charged (e.g. hair, 

fabrics). For this reason, this class of surfactants is heavily used in hair conditioners and fabric softeners. 

The third class of surfactant comprises non-ionic surfactants, which head groups usually contain 

oxygen, and which are not involved by any de-protonation or protonation when in water (e.g. alcohol 

ethoxylates).  As they are not charged, non-ionic surfactants are tolerant to water hardness and they are 

very often used as co-surfactant. The last class are the amphoteric surfactants, which contain both a 

positive and negative charge in their head group. The net charge of these surfactants depends on the pH, 

as each functional group can be protonated or deprotonated.  

 

The surfactant head group has a high affinity for water and other hydrophilic media, while the alkyl 

chain prefers hydrophobic media. For this reason, surfactants will tend to go to the air-water interface, 

exposing their hydrophobic tail to the air (hydrophobic) while their hydrophilic head is in water 

(hydrophilic), lowering surfactant free energy and the liquid surface tension. An increase in surfactant 

concentration results in a decrease in the surface tension of the solution, as surfactant molecules 

segregate at the air-water interface and increase in concentration until reaching saturation. After a 

certain concentration, the formation of surfactant self-assembly structures, called micelles, occurs and 

surface tension remains constant. The concentration at which micelles start to form is called critical 

micellar concentration (cmc). It has been found that cmc is a function of the surfactant type and of pH 

and ionic strength of the solution. For instance, non-ionic surfactants have a lower cmc than ionic 

surfactants because of the lower solubility and higher packing of non-ionic monomers, which is due to 
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the absence of electrostatic repulsions between surfactant heads. At the same time, non-ionic surfactants 

are less affected by ionic strength, which strongly influence the cmc of ionic surfactants. Additionally, 

pH influences the cmc of amphoteric surfactant, which controls their solubility.  

 

When micelles are formed in water, all the tails of the surfactants are kept together in the core, 

minimizing the contact with water, while the outside surface is occupied by surfactant heads. The 

driving force for this self-assembly are entropic and enthalpic as the surfactants tend to increase the 

number of tail-tail interactions and to minimize the interactions between surfactant tail and water. Other 

parameters that affect the surfactant self-assembly are electrostatic interactions (in the case of ionic and 

amphoteric surfactants) and steric interactions. Both the interactions determine the minimum distance 

at which surfactant monomers are placed inside the micelles. An important parameter which determines 

the surfactant aggregation number as well as the type of aggregate that is formed (spherical micelles, 

rod like micelles, etcetera) is the form factor, which is a function of the surfactant head volume and of 

the length of the surfactant alkyl tail. The interaction between surfactant and soil can involve both 

micelles and monomers, resulting in different effects and mechanisms. Moreover, the efficiency and 

occurrence of surfactant-soil interaction are strictly related to surfactant head type and charge. 

1.2.4 Inefficient soil removal and biofilm growth 

Soil removal is sometimes inefficient, particularly in the case of low temperature and short-cycle 

washing conditions. One of the main consequences of inefficient removal of soil from textiles is the 

development of biofilms (biofouling)31,32. A biofilm is an organized association of microbial organisms 

that are immersed in a matrix of extracellular polymeric substances (EPS), which is composed mainly 

of water (up to 97%33), and biopolymers, including polysaccharides, proteins, DNA and RNA. These 

biopolymers present in the EPS are the product of the lysis of bacteria cell or they are taken from the 

environment (eg. left-over soil). Polysaccharides are the main constituents of the EPS34 and they define 

the structural and functional properties of the biofilm35. Moreover, they are also used as nutrients from 

the bacteria cell. 
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The development of a biofilm occurs when a substrate is in contact with an aqueous solution and 

involves three steps36. The first step is the deposition of a conditioning film, where proteins deposit on 

the surface of the substrate. This stage is necessary for bacteria adhesion because bacteria are unable to 

adhere to the substrate directly. Following this, planktonic bacteria cells present in the solution start 

adhering on the conditioned substrate. Initially, the adhesion is based on weak forces (Van der Waals). 

At this stage, the removal of bacteria from the surface is possible via shear forces or chemical action. 

After the initial attachment, bacteria start producing the EPS and communicating with each other 

(quorum sensing)37. New covalent bonds are formed between bacteria and the substrate or the 

surrounding EPS and this leads to an organized 3D structure. At this stage, the biofilm is resistant to 

mechanical and chemical action and hard to remove from the substrate, as a consequence. Biofilms can 

form from one or several bacteria strains. It has been observed that the bacteria present in the biofilm 

exhibit characteristics that are different from the one experienced by the same bacteria in the planktonic 

form, as they will have higher growth rate and resistance.  

 

There are several aspects affecting biofilm growth that depend on the environment and/or the substrate. 

For instance, several studies show that biofilm attachment is enhanced on hydrophobic substrates (e.g. 

plastic) compared to hydrophilic substrates (glass). The reason for this is related to the hydrophobic 

nature of the wall of bacteria cells which results in hydrophobic forces being the main drivers of bacteria 

adhesion. The more hydrophobic the substrate, the higher the risk for the surface to experience 

biofouling. This is demonstrated in the Baier curve, which shows that minimum fouling is experienced 

if the surface tension of the substrate is around 22-24 mN/m 31,38.  Surface roughness has also an impact 

on biofilm attachment, as higher roughness implies easier bacteria attachment. However, as observed 

in nature, specific surface topographies can inhibit biofilm growth. In addition to the substrate features, 

environmental conditions determine an effect on biofilm development. As mentioned before, protein 

deposition on a substrate is the initial stage of the biofilm developing process. Therefore, if proteins are 

present in the aqueous medium and deposit on the substrate, an enhancement in bacteria attachment 
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occurs. Additionally, as for any deposition process, temperature, pH and ionic strength are important 

parameters to take in account for predicting bacteria adhesion to the surface. The presence of cations 

(Ca2+, Mg2+) results in a less negative surface charge on the substrate (e.g. glass), lowering electrostatic 

repulsion between the substrate and bacteria surface (usually negatively charged) and increasing the 

rate of attachment as a consequence. 

 

Polyester fabrics are an ideal substrate for biofilm development as they have higher hydrophobicity and 

no negatively charged groups. The biofilm development on polyester fabric is even enhanced in 

presence of soil residues, as the proteins and the polysaccharides contained in the soil can become part 

of the EPS or being used as nutrients, increasing bacteria growth and attachment. 

1.2.5 Antifouling and fouling-release 

The term anti-fouling refers to the prevention of organisms attaching to a specific surface. Fouling-

release is used, instead, to identify the removal of an already-attached biofilm from a substrate31. The 

development of biofilms represents the first stage of many infection diseases. Therefore, there has been 

a growing interest in anti-fouling and fouling-release strategies in the last few years. In all cases, the 

importance of these processes is undoubted, as the presence of biofilm lowers the performance of the 

affected device. One example is found in the filtration membrane industry, where fouling causes 

filtration flux decline39. For this reason, higher energy is required to achieve the same filtration 

efficiency of the membrane not conditioned by the biofilm and an earlier replacement of the membrane 

might be necessary. 

 

Primarily, inhibition of biofilm growth on a substrate is achieved via protein repellence, which inhibits 

the formation of the proteinaceous conditioning film.  There are several ways to promote anti-fouling 

on surfaces and they can be classified in physicochemical methods and physical methods. 

Physicochemical methods are based on a chemical modification of the substrate via deposition of anti-

foulant agents or coatings. In the past, the main anti-fouling agents were metal (e.g. Ag). However, 
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metals are now known to be toxic for the environment. Therefore, there has been interest in identifying 

new green antifouling strategies in the last years. Among these strategies, deposition of self-assembled 

monolayers (SAMs) has shown relevant benefits in lowering protein attachment and biofilm growth, 

where the deposited SAMs are usually hydrophilic and neutrally charged. Other methods to deliver anti-

fouling benefits involve the deposition of hydrogel or poly(ethylene glycol) films to achieve steric 

hindrance versus proteins40.  

 

In the case of fabrics, anti-fouling benefits are usually achieved via deposition of anti-microbial actives. 

This strategy involves the use of actives as silver (Ag), quaternary ammonium compounds (QUATs) 

and Triclosan. These actives can be deposited during the manufacturing process of the fabrics or when 

the fabric is washed. The presence of anti-fouling finishes on textile prevents growth of biofilms and, 

as a consequence, the development of infectious diseases in humans that wear or use the treated textile. 

A positive impact on the environment is also addressed by depositing anti-fouling finishes on garments. 

People tend to wash their clothes less often if anti-fouling finishes have been deposited and this leads 

to lower energy and water consumption41. However, anti-microbial agents are usually expensive, so are 

the detergent formulations in which they are included. For this reason, there is significant interest in 

finding alternative and cheaper ways to deliver anti-fouling benefits for fabrics. Among these, textile 

surface modification strategies show promising results.  

1.3 Surface modification of fabrics  

1.3.1 Surface modification of fabrics for anti-fouling benefits  

Surface modification enables textiles to experience new features without changing their bulk properties. 

The methods used to perform fabric surface modification can be divided in physical methods and 

chemical methods24. Physical methods modify the surface of the fabrics via plasma and thermal 

treatments. On the other hand, chemical methods take advantage of grafting or crosslinking of polymer 

precursors or polymer adsorption to address new surface properties. 
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There is a rich literature on the efficacy of polymer coating in delivering anti-fouling benefits32,40. 

According to the type of polymer coating, the anti-fouling behaviour is achieved by different 

mechanisms32. In the case of hydrophilic polymeric coating, such as poly(ethylene glycol), 

poly(ethylene oxazoline), polyammides and zwitterionic polymers42, the formation of a hydration layer 

occurs on the surface of the modified substrate. This layer causes a decrease in the conformational 

entropy of the protein when the protein approaches the surface, preventing its adhesion. For instance, 

hydrophilic coatings are used in filtration membranes, where amphiphilic co-polymers are added in the 

membrane casting solution and form a hydrophilic surface which repels foulants39. Alternatively, 

physical adsorption, plasma or UV treatments can be used to deposit poly(ethylene glycole) (PEG) on 

fabrics, releasing protein-fouling benefits36. There is also the opportunity to use hydrophobic polymer 

coatings as an anti-fouling treatment. In this case, the release of proteins deposited on the substrate is 

caused by the lower adhesion forces of the protein on the surface. An example of hydrophobic coating 

is the use of grafting methods to generate polymer brushes on polyester fabrics. The polymer-brush 

layer leads to super-hydrophobic surfaces which prevent proteins adhesion43,44.  

 

The deposition of polymer coating on fabric surfaces is usually based on strong covalent bounding 

between the polymer and the substrate. This surface modification approach can be achieved very easily 

in the textile industry, but it increases the price of fabrics. Alternatively, it is possible to modify fabric 

surfaces with polymers that bind to the substrate via hydrophobic forces or π- π interactions. In these 

cases, the polymer is added in a laundry detergent formulation and the surface modification is performed 

during wash. 

1.3.2 Polymer deposition on fabrics  

Polymers can deliver many types of benefits during the washing process.  The polymers are primarily 

used as builders (binding calcium and magnesium ions present in water), anti-redeposition agents, soil-

release agents, anti-static actives or dye transfer inhibitors45,46.  
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As builders, the polymers bind calcium and magnesium ions, usually present in hard water, and avoid 

their deposition on fabrics. These polymers are often anionic polymers that use their negatively charged 

groups to bind to cations present in hard water. Acrylic co-polymers, which are derived by 

copolymerization of acrylic and maleic acids, are usually added as builders. The acrylic groups bind 

free calcium and magnesium, improving the tolerance of the detergent formulation to water hardness.  

 

Anti-redeposition polymers are widely used in laundry detergents, and are usually anionic polymers 

such as carboxy methyl cellulose, poly-carboxylate, polyvinyl alcohols. When removed from a substrate 

by surfactants, the soil is transferred in solution. However, the soil might not be stable in solution and 

can precipitate on the fabric surface again. This results in soil re-depositing on areas of clothes that were 

initially clean, causing consumer dissatisfaction. Use of anti-redeposition agents enhances soil 

suspension and solubility, avoiding soil transfer and re-deposition. A similar re-deposition issue occurs 

with dye molecules, where the dye previously removed from an area of the garment can re-deposit on 

a different area of the fabric (or on a different garment), causing dye transfer. In this case, dye transfer 

inhibitors are used. As before, the polymer forms complexes with the dye, avoiding its re-deposition.  

Dissatisfaction amongst consumers can also be due to excessive electrostatic charge accumulation on 

the fabric surface while wearing, resulting in consumer discomfort. This matter can be solved by adding 

conductive polymers (called antistatic polymers) to laundry formulations, improving fabric surface 

electric conductance.  

 

Another class of polymer that is usually added in fully formulated laundry detergents are soil release 

polymers (SRPs). These are polymers that deposit on fabric surfaces and enhance the soil release via 

electrostatic repulsion, hydrophilization and/or steric repulsion, and improve the cleaning performance 

of the formulation. As secondary benefit, they can reduce biofilm growth by reducing the availability 

of nutrients for bacteria. SRPs are a topic of on-going research in laundry formulation and are the focus 
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of this thesis. Their presence has become increasingly important because of the low temperature 

commonly used in laundry processes and the global proliferation of hydrophobic synthetic fabrics.  

1.4 Polymer-soil interactions 

1.4.1 Soil release polymers  

A Soil Release Polymer is a block copolymer that includes hydrophobic and hydrophilic blocks. The 

hydrophobic blocks are responsible of the deposition on the hydrophobic surface of the synthetic fabric, 

while the hydrophilic blocks face the fabric-liquid/fabric-air interface. Therefore, the surface of the 

fabrics become hydrophilic and the soil adhesion on it is weaker. As a result, the fabric exhibits soil-

releasing benefits, with easier removal of oily soils from the textile surface by surfactant emulsification 

and/or via delamination of the polymeric film (Figure 2). 

 

Figure 2- Schematic diagram showing the mechanism of action of a SRP. a) Untreated polyester fabric; b) fabric modified via 

SRP deposition; c) soil adhesion on fabric modified via SRP; d) soil removal from fabric surface via surfactant; e) emulsified 

soil in solution 

 

SRPs can include a variety of different functional groups. In his review47, O’Lenick mentions the use 

of polyacrylate (PA)/poly(methyl metacrylate) (PMMA) blocks polymerized with di-epoxide as SRPs 

used in textile curing process. This class of SRP leads to a net negative surface charge on fabric, due to 

the presence of the negatively charged acrylate groups, improving the water penetration in the fabric. 

Moreover, PA/PMMA co-polymers experience swelling in alkaline conditions and this behaviour seems 
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to play a role in soil release17. SRPs that contain fluorine in their structure are also used, as they lower 

the surface energy of the textile and deliver oil repellence even in dry conditions17. More recently, some 

SRPs that combine a silicone and polyethylene glycol (PEG) backbone with amino groups have been 

introduced.  

 

The majority of the SRPs are based on poly(ethylene terephthalate)/poly(ethylene glycol) (PET-PEG) 

copolymers48. The chemical structure of these SRPs is very similar to the one of polyester fabrics, 

therefore these SRPs deposit on polyester. Among the two blocks, PET is the hydrophobic and is 

responsible for the deposition of the SRP on fabric. The driving force for deposition is the π-π 

interaction that occur between the terephthalate units of the polymer and the terephthalate groups on 

the fabric. Once deposition has occurred, the PEG water soluble chains orientate themselves above the 

fabric surface, forming a hydrophilic film. The PET-PEG soil release polymers are often functionalized 

with other chemical groups to deliver extra benefits in addition to soil release. For instance, the presence 

of anionic groups in the PET units leads to a net negative charged film on top of the polyester fabric. 

During the wash, the previously removed soil is suspended by anionic surfactant in solution and can re-

deposit on the fabric. The presence of anionic groups in the SRP structure are able to prevent this, as 

there is an electrostatic repulsion between the negative charged groups on the fabric surface and the 

negative head groups of the surfactant (soil repellence or anti-redeposition mechanism). 

 

The soil-release efficiency of the SRP depends on several factors, first among everything fabric type. 

In fact, these technologies are usually used for synthetic hydrophobic fabrics or for mixture of them 

with cotton (e.g. polycotton), while very little is known about SRP that are optimal for cotton49,50. In 

the same way, the number of times you wash with a detergent containing an SRP is relevant, as this 

determines the thickness and uniformity of the SRP film. The optimal SRP is one that modifies a large 

variety of fabrics types, requires a single cycle to generate a uniform layer on the surface of the textile 

and delivers soil release benefits at low dosage (less than 1% in laundry detergent formulation). 



 

18 
 

Moreover, as it needs to be included in a multi-component formulation containing surfactants, enzymes 

and solvents, the SRP must be compatible with other actives present. For instance, it has been observed 

that the use of anionic SRPs in fabric enhancer formulation is not advisable, as they form complexes, 

or coacervates, with the cationic surfactants48 which prevent SRP deposition on fabrics Therefore, it is 

very important to assess the interactions of the SRPs with surfactants in bulk. 

 

1.5 Polymer-surfactant interactions 

Polymer-surfactant interactions have several applications in cosmetics, oil recovery and paint and there 

is widespread research on their characterization. One way to investigate these interactions exploits the 

changes in physicochemical properties that occur when polymers and surfactants are mixed. These 

changes refer to macroscopic phenomena (such as viscosity, surface tension, conductivity) or the 

environment in which the surfactant and polymers are immersed, assessed by diffusion Nuclear 

Magnetic Resonance (NMR), circular dichroism (CD) and Small Angle Neutron Scattering (SANS). 

Surfactants- polymers interactions are a consequence of electrostatic forces (acid-base interactions), 

dispersion forces, hydrophobic interactions and Van der Waals interactions. Mainly, the type of 

interaction depends on the charges of the surfactant and polymer. Moreover, the complexity of 

surfactant-polymer interactions is also increased by the possibility of the polymer to interact with 

individual surfactant molecules or with surfactant aggregates (hemimicelles). Sometimes, the formation 

of mixed surfactant-polymer micelles is also possible. The universally accepted model for polymer-

surfactant interactions is called “pearls on a string model” or “necklace model”51,52. According to these 

models, surfactants start forming hemimicelles (surfactant aggregates) along the polymeric chain above 

a certain surfactant concentration, defined as critical aggregation concentration (cac). The surfactant 

monomers use their hydrophobic tails to interact with the hydrophobic domains of the polymer chain, 

forming hemimicelles along the polymer backbone, and the structure that is formed is similar to a pearl 

necklace. The cac of the surfactant-polymer system is lower than the cmc, as the interaction with the 

polymers stabilizes the surfactant aggregates.  A more complex case is represented by the interaction 

between an ionic surfactant and an oppositely charged polyelectrolyte (Figure 3). In this case, polymer 
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and surfactants start interacting at concentrations below the cac, where the ionic surfactant heads 

interact with the charged sites of the polymer (hairy-worm model) in a non-cooperative way. The cac 

is reached when all the charged sites present on the polymer are saturated by surfactants. 

 

Figure 3- Schematic diagram of the interaction between a polyelectrolyte and an ionic surfactant: a) polymer by itself in bulk; 

b) Electrostatic interactions between surfactant heads and charged sites of the polymer; c) hemimicelles interaction with 

hydrophobic domain of the polymer. 

 

The easiest way to assess the polymer-surfactant interactions is by measuring surface tension. In Figure 

4, a schematic representation of the relationship for surface tension as a function of surfactant 

concentration is presented, in the presence and absence of polymer. In the case of surfactant, in the 

absence of polymer, there is an inflection point at the cmc. In the case of polymer-surfactant systems, 

three different areas can be identified in the graph53. For a concentration below the cac, the initial 

surface tension of the surfactant-polymer system is lower than surfactant system at the same 

concentration. This is a consequence of the so called synergistic effect, but is the case only for 

polyelectrolyte-ionic surfactant systems54. The first change in slope occurs at the cac, where the 

surfactants form hemimicelles along the polymer chain. The surface tension decreases for surfactant 

concentrations above the cac until reaching a concentration called the polymer saturation point (PSP), 

which is the cmc of the surfactant-polymer system. At the PSP, all the binding sites of the polymer are 

saturated by surfactants and, therefore, any extra surfactant monomer added is forming surfactant-only 
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micelles. After the PSP, the surface tension becomes constant and equal to the one for the surfactant-

only system.  

 

Figure 4 – Schematic representation of surface tension vs log(surfactant) for a system that contains only surfactant and a 

system that contains surfactant and polymer. 

 

The cac value strongly depends on the strength of the forces involved in the interaction and on the type 

of surfactant and polymer. There are four different scenarios55 that can occur. The first is an interaction 

between an ionic surfactant and an oppositely charged polyelectrolyte. In this case, the interactions 

between surfactant and the polymer are very strong, as they are electrostatic in nature, and this leads to 

a cac that is several orders of magnitude smaller than the cmc (cmc ~ 10000 cac). In the second scenario, 

weaker interactions occur between non-ionic surfactants and polyelectrolytes, mainly driven by 

hydrophobic forces. In this case, the cac is very similar to the cmc (cmc ~ 10 cac). The case of ionic 

surfactants and uncharged polymers results in closer values of cac and cmc, because the forces of 

interaction are extremely weak. The last scenario is when non-ionic surfactants interact with uncharged 

polymers. No interaction occurs in this case, therefore the two surface tension graphs overlap. 
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Other factors which influence the cac are surfactant chain length and polymer flexibility and 

conformation. Longer surfactant chain lengths, and less flexible polymers, result in higher cac values.  

Additionally, the cac depends on the polymer concentration. 

1.6 Surfactant-soil interactions 

In a washing cycle, surfactants are involved in interactions with not only the soil but also with polymers 

present in the detergent formulation. Surfactant-soil interactions are fundamental to the cleaning 

process, as they are responsible of removal of the soil from the fabric surface and emulsification/ 

complexation of the soil in bulk. However, some surfactant-soil interactions also have a negative effect 

on cleaning, as they lower the amount of free surfactant monomers available in bulk. The type of 

interaction, and its effect, depends on the type of surfactant, as well as the nature of the soil. Typically, 

soil is a complex mixture of grease (oil, solid fat), soluble and insoluble proteins and carbohydrates 

(such as starch). Each of these soil components experience different interactions with surfactants. In 

this thesis, the interactions between surfactant with soluble starch, soluble proteins and liquid oil are 

investigated 

1.6.1 Surfactant interaction with oil: emulsion and emulsion stability 

Oil is one of the main components of soil. When the SRP film is deposited on top of the fabric, oil 

removal is enhanced but requires the use of surfactants that lift the oil and emulsifies it. If the oil is not 

efficiently emulsified by the surfactant in solution, it will redeposit on the fabric, leaving them dirty. 

Therefore, good cleaning requires a surfactant system that efficiently emulsifies the oil, but the 

optimisation of such a surfactant system requires an understanding of the emulsification process and 

emulsion stability. 

 

Oil and water are two immiscible liquids which spontaneously separate to minimize their interfacial 

area, creating an oil layer above the water phase. In the presence of agitation forces, as in a washing 

machine, homogenisation takes place, which leads to formation of oil droplets in water. These oil 
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droplets, called emulsions, are spherical, as this minimizes their interfacial area. Emulsion formation is 

the result of the action of Laplace pressure56–58, expressed as: 

∆𝑃 =
2𝛾

𝑟
      (4) 

where ∆𝑃 is the pressure between the inside and outside of the droplets, 𝛾 is the surface tension of the 

oil/water system and r is the radius of the droplets. Equation (4) highlights that the radius of the oil 

droplet depends on the surface tension of the system, which means that it is a function of the type of 

oil. The emulsification process generates new oil/water interfaces and, therefore, its free energy is 

positive. As a result, the emulsions are thermodynamically unstable, so they tend to coalesce and 

separate again because of gravity (oil being lighter than water). This process is called creaming and 

involves migration of droplets from the bottom to the top of the emulsion system, forming a floating 

layer. The time taken for the separation process is inversely proportional to the emulsion stability. The 

creaming velocity v is expressed by the Navier-Stoke’s equation59: 

𝑣 =
2𝑔𝑟2(𝜌𝑤−𝜌𝑜𝑖𝑙)

9𝜂
     (5), 

where g is the gravitational acceleration,  𝜌𝑤  is the density of the water, 𝜌𝑜𝑖𝑙is the density of the oil and 

𝜂 is the viscosity of the system. From equation (5), it is evident that the density of the oil and the 

viscosity of the solution affect emulsion stability. Moreover, the equation suggests that smaller droplets 

lead to a more stable emulsion. For this reason, coalescence of oil droplets needs to be avoided in 

emulsions. The term coalescence refers to the process where two or more oil droplets collide and 

generate a bigger oil droplet, which is more unstable. As a result, a good emulsion system requires very 

low creaming velocity and stabilization against coalescence. 

 

From a thermodynamic point of view, emulsions are unstable. However, they exist as metastable 

systems, where they are kinetically stable, and creaming and coalesce only occur after a long time. 

There are several ways to generate this metastability, but most of them based on a decrease in the 

creaming velocity or adding an emulsifier.  
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As mentioned before, increasing the viscosity of the solution can help decrease the creaming velocity 

and stabilize an emulsion. If we approximate oil droplets as hard spheres, the viscosity of the water/oil 

system is given by the Einstein equation59: 

𝜂 = 𝜂0(1 + 2.5𝜑)      (6), 

where 𝜂0 is the viscosity of the bulk phase and 𝜑 is the oil volume fraction. Therefore, increasing the 

oil volume fraction or the bulk viscosity enhances emulsion stability.  

Metastability is also reached by addition of an emulsifier, which is a substance that generates a shell 

around the oil droplet. This shell prevents coalescence of oil droplets, via steric and electrostatic 

repulsion, and it helps stabilize the emulsion. Surfactants are known to be very good emulsifiers, 

orientating their hydrophobic tail in contact with the oil and their hydrophilic head in contact with the 

water. The use of surfactants as an emulsifier has found application in several industries60 (food, 

cosmetic, painting) through their ability to lower the water/oil surface tension and stabilize the oil 

droplets. The stabilization of oil droplets is achieved when the surface area of the oil droplet is fully 

covered by surfactant monomers. The coverage efficiency strongly depends on surfactant structure and 

charge. As a general rule, ionic surfactants are better emulsifiers than non-ionic ones, as this results in 

higher zeta potential of the oil droplets and higher electrostatic repulsions. In line with the Derjaguin, 

Landau, Verwey, Overbeek (DLVO) theory 61,62, electrostatic repulsion prevents coalescence between 

oil droplets. However, the electrostatic repulsion between the charged head groups of the surfactant are 

also present within the surfactant film surrounding the oil droplets, which can lead to lower coverage. 

The increase of the ionic strength reduces repulsion within the film, therefore, emulsion stability is 

usually higher for ionic surfactants if water hardness is present. Among the non-ionic surfactants, 

ethoxylated surfactants, with high number of ethoxylated (EO) units, show higher emulsion stability 

due to steric repulsion between surfactant heads. However, higher EO content results in big surfactant 

head that requires longer surfactant alkyl chain to stabilize the emulsion. Alternatively, use of branched 

alkyl chain surfactants improves the packing around the oil droplets and this enhances emulsion 
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stability. At the same time, both the high ethoxylated and high branched surfactants have very low 

diffusion rate. Therefore, surfactant monomers can reach the oil droplet surfaces after that the oil 

droplets have already coalesced. 

1.6.2 Surfactant-starch interactions: amylose helix complex formation 

Another relevant interaction that can happen in the washing liquor is the one between surfactant and 

starch, which is a common component of food-derived stains. Starch is one of the major components of 

human diet and it is usually used as food thickener. Starch is made of granules with different shapes 

and it contains two types of polysaccharides, both based on glucose as building block: amylose (AM) 

and amylopectin (AMP)63. The amylose, that usually represents the 20-30 % (w/w) of starch 64, is a 

linear polysaccharide with molecular weight around 105-106 Da. On the other hand, amylopectin is a 

highly-branched polysaccharide, with molecular weight around 107-109 Da. Starch granules contain 

minor components such as lipids and proteins, which are present on the external shell of the starch 

granules or on the inside. External lipids are usually free fatty acids, triglycerides, glycolipids and 

phospholipids and they are usually present in cereal starch granules (e.g. wheat). Instead, proteins are 

usually the main component of the outer shell in potato starch granules.  

 

When starch granules are heated in the presence of water, a disruption in the crystalline structure of the 

granules occurs. This process, known as gelatinisation, causes changes in the viscosity of the starch 

solution and a leaching out of the amylose present in the granules. Starch gelatinisation is less efficient 

for temperatures between 60 and 75°C, while it becomes more efficient in the range 75-90 °C.   

It is known that surfactant can have an influence on starch gelatinisation. In fact, surfactant monomers 

can be involved in the formation of surfactant-amylose helix complex, as well as they can enhance or 

reduce starch swelling. There are many studies reporting the formation of amylose-helix complexes in 

presence of ligands as surfactants, iodine and lipids65. During gelatinisation, amylose leaches out from 

starch granules and it forms a single helix structure of diameter around 0.5 nm. This helical structure is 

hydrophilic on the outside, with a hydrophobic inner cavity that can host non-polar ligands. In the case 
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of surfactants, the alkyl tail is placed in the inner cavity, while the polar head is kept outside due to 

electrostatic and steric repulsion (Figure 5). However, there is poor understanding of the effect of 

surfactant structure on the gelatinisation. Recent studies65 have suggested that helix-complex formation 

depends on the surfactant chain length, where longer alkyl tail results in higher hydrophobicity/lower 

solubility of the surfactant. As a consequence, C14-C18 surfactants are more able to be hosted in the 

amylose-helix cavity, forming inclusion complexes. Moreover, surfactant chain length influences starch 

pasting temperature for certain classes of surfactant (e.g. alkyl sulphate), where an increase in alkyl 

chain length (Cn) reduces pasting temperature for n < 12 (swelling enhancing). Instead, pasting 

temperature is increased if n > 12 66.  

 

Figure 5 - Top: schematic representation of amylose-helix inclusion complex with surfactant, where the alkyl tail is entrapped 
in the inner core of the amylose helix. Bottom: a view from the top of the amylose helix and differentiation between the 
hydrophobic core and the hydrophilic shell. 

 

1.6.3 Surfactant-protein interactions  

Proteins are an important fraction of fabric soil and they can have animal or vegetable origins. Proteins 

are long peptides which are composed of amino acid monomers that are linked together via peptide 

bonds67. The sequence of amino-acids in the peptide chain is known as the primary structure of the 

protein. However, proteins also have secondary and tertiary structures.  Secondary structure refers to 

the folding of proteins, as consequence of hydrogen bonds, into repetitive structures called α-helices, 

β-sheets and β-turns. The tertiary structure is related to the three-dimensional (3D) conformation of the 

protein in the space, which is usually determined by interactions between the R-side chain groups of 

the peptide chain and/or disulphide bridge formation. Quaternary structure is also used to describe 

proteins that are composed by two or more poly-peptide chains. In this case, interactions occur between 
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the different poly-peptide chains and the resultant structure defines the quaternary structure of the 

protein. 

 

One of the most studied proteins, and the subject of this study, is bovine serum albumin (BSA). As the 

name indicates, BSA is a protein present in bovines and is a globular protein composed by a single 

polypeptide chain of 583 amino acids. It contains 17 disulphide bridges that are responsible for protein 

folding. Moreover, BSA contains a free SH group which leads to dimer formation at high protein 

concentration68. BSA is responsible for metabolite transportation in the blood but also has found 

applications in food and cosmetic industries, as well as drug delivery. The use of BSA in food, drugs 

and cosmetic products requires a deep understanding of its interaction with surfactants to understand 

which transformations can occur during the production process. These interactions are also important 

to understand the effect of proteins on cleaning. 

 

Many studies have focused on analysing interactions between BSA and common anionic (eg. sodium 

dodecyl sulphate, SDS), cationic (eg. dodecyl trimethyl ammonium bromide, DTAB) and non-ionic 

(eg. polyethylene 8 lauryl ether, C12EO8) surfactants. These studies have been carried out using 

techniques such as light scattering (LS)68, nuclear magnetic resonance (NMR)69, fluorescence 

spectroscopy70, small angle neutron scattering (SANS)71 and circular dichroism72. Fluorescence 

spectroscopy, for instance, takes advantage of the intrinsic fluorescence of BSA due to the presence of 

two Tryptophan residues (Trp). If BSA is irradiated with light of wavelength 280nm (λecc), a 

fluorescence signal can be collected that is related to the tryptophan residues. In the native state of the 

protein, the tryptophan residues are placed in a hydrophobic “pocket” in the BSA structure and the 

resulting BSA emission spectrum has a maximum at 345nm (λmax), where the intensity is I0. However, 

surfactants can interact with proteins to induce their denaturation, which changes the secondary and 

tertiary structure of the protein. The denaturation results in moving the tryptophan residues into a more 

hydrophilic environment, where they interact with water molecules. As a result, there is a quenching of 
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the BSA fluorescence that is detected by a lowering of the intensity (I) of the fluorescent spectrum and 

a shift of λmax to a lower wavelength. The higher the surfactant concentration, the more pronounced the 

fluorescent quenching. By plotting the ratio 𝐼0

𝐼
  versus surfactant concentration ([surf]), it is possible to 

fit the data using the Stern-Volmer equation, resulting in the determination of the Stern-Volmer constant 

for the process (KSV)73: 

                       𝐼0

𝐼
 =  1 + 𝐾SV[surf]    (7) 

The resulting fluorescence emission spectrum of the protein-surfactant mixture can be deconvoluted by 

convex constraint analysis (CAA)70, unhiding the presence of different emitting species. In the case 

of SDS, the peaks associated to the BSA-SDS complex (λmax=325nm) and of partially denaturated BSA 

(λmax=323nm) are highlighted by the deconvolution. 

The interaction between surfactant (S) and protein (P) can be described with the following equilibrium: 

P + 𝑛S ↔ PS𝑛        (8) 

where n is the number of surfactant molecules that can bind to the protein. The equilibrium constant of 

the process is described by equation 9: 

𝐾 =
[PS]

[P][S]n
.       (9) 

It is possible to produce surfactant-protein binding isotherms by mean of fluorescence spectroscopy.72 

If we consider a certain surfactant concentration Csurfactant, it is possible to calculate α, the fraction of 

protein that is bound to the surfactant at a specific concentration: 

α =
𝐼c−𝐼free

𝐼min−𝐼 free
      (10) 

where 𝐼𝑐 is the fluorescence intensity of BSA at a surfactant concentration Csurfactant, Ifree is the BSA 

fluorescence intensity in absence of surfactant and Imin is the fluorescence intensity of BSA at saturation.  
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If CBSA is the initial concentration of protein, it is possible to calculate ν, the average number of 

surfactant molecules bound to the protein70: 

𝜈 = 𝛼 ×
𝐶surfactant

𝐶BSA
                (11). 

The adsorption isotherm is obtained by plotting α vs Csurfactant and four different areas can be 

distinguished (Figure 6)68,72,74. The first part of the plot (A) refers to the stage of the interaction called 

specific binding. This occurs at low surfactant concentration and it causes a slow rise of the binding 

isotherm. In this phase, the electrostatic binding between the surfactant charged headgroups and the 

ionic amino acids of the protein takes place. Therefore, this area is not present in the binding isotherms 

for non-ionic surfactant. After the specific binding, the binding isotherm starts to increase. This 

behaviour is due to the hydrophobic interactions between the hydrophobic domains of the protein and 

the surfactant alkyl tail, which lead to a partial unfolding of the protein. This region, indicated as B in 

the graph, refers to the non-cooperative binding between protein and surfactant monomers and its 

extension depends on the protein and surfactant type as well as polymer concentration. At the end of 

the non-cooperative binding regime, the protein has been partially unfolded by the hydrophobic 

interactions with surfactants. As a result, new hydrophobic domains are exposed to the surfactants that 

are then binding the protein in these new sites. This stage, indicated as C in the graph, is defined as 

cooperative binding. Finally, saturation (D) occurs when all the available sites of the protein have been 

bound by the surfactant monomers. Therefore, the binding isotherm does not change anymore as a 

function of surfactant concentration. 
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Figure 6 - Schematic representation of an adsorption isotherm between an ionic surfactant and a protein (e.g. BSA-SDS). 
Four different areas can be distinguished that are related to four different stages in the binding process: A) specific binding; 
B) non-cooperative binding; C) cooperative binding; D) saturation. 

 

It is possible to assess if the surfactant-protein interaction involves a specific bonding region or not by 

the Scatchard plot. Considering a protein that has n binding sites and that link to a surfactant, present at 

a concentration C, with a binding constant equal to k, the mole of ligands r bound per mole of 

macromolecule is given by the following equation: 

𝑟

𝐶
= 𝑘𝑛 − 𝑘𝑟      (12) . 

The Scatchard plot ( 𝑟
𝑐
 vs C) presents only a straight line if the binding is noncooperative, while a double 

trend in the plot, corresponding to the two type of binding sites, is observed in the case of cooperative 

binding.   

The binding isotherms have been drawn for some of the most common surfactants (SDS, CTAB, 

C12EO etc) and the comparison between surfactant belonging to the same class has led to the conclusion 

that the binding isotherms trend depend on the surfactant charge. Surfactants with similar charge have 

similar binding isotherms and they bind the protein in similar way. For the same reason, binding of 

ionic surfactants is strongly influenced by pH, as demonstrated by Gelamo70,73. Changes in the pH 

results in varying the number of charged sites of the protein and, therefore, the number of available sites 

for specific binding. 
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1.7 Thesis outline 

The work carried out and presented in this thesis is an overview of the efficiency of deposition of 

different classes of SRPs on cotton and polyester. The deposition data have bene correlated to stain 

removal and protein release/repellence data measured on SRPs-modified fabric. The interactions 

between surfactants and main soil components have been investigated as an additional way to enhance 

cleaning of fabrics in the washing process. In Chapter 1, an overview of the literature behind SRPs-

deposition on textile and on the mechanism behind deposition and removal of soil from fabric surface 

has been presented. In Chapter 2, a list of the techniques used in this thesis is presented, focusing on 

the reasons why each technique has been identified as the most suitable to analyse our system. In 

Chapter 3 and 4 of this thesis, the deposition and efficacy of two different classes of soil release 

polymers have been investigated. Polyester and cotton have been tested in this contest, as the two most 

used textile in garments, because of the different properties they have. The first class of SRPs, presented 

in Chapter 3, investigated is composed of polyethylene glycol/polyoxyethylene terephthalate (PEG-

POET) block copolymers and, among this class, two SRPs with similar molecular weight, but different 

charge, have been tested. The effect of charge of the SRP on the overall charge of the fabric has been 

assessed by means of streaming potential analysis. The use of UV/vis spectroscopy on SRP solution 

has enabled the indirect quantification of SRP deposition on polyester and cotton fabrics. In addition, a 

study of the kinetic of deposition as a function of pH, ionic strength and agitation has also been carried 

out. From the adsorption isotherms, information on the affinity of each SRP with the fabric has been 

deduced. Scanning electron microscopy (SEM) has been used to take image of modified fabrics, 

highlighting changes in fabrics roughness. Additionally, BET has been used to assess porosity of the 

fabrics in presence and in absence of the SRP film. Moreover, data have been collected via diffusion 

NMR to assess diffusion of water in the fabric structure when conditioned with SRPs as well as when 

no modification has been performed. 

 

 The second class of SRP, presented in Chapter 4, is composed of polyethylene glycol – 4 - 

methoxyethyl methacrylate/ methacryloyloxy ethyl trimethyl ammonium chloride (PEG-4-
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MEMA/METAC) block copolymers and, for this class of polymers, the effect of the different ratio 

between the two blocks and different molecular weight has been evaluated.  

For assessing the compatibility between the both classes of SRPs and the surfactants usually present in 

formulation, surface tension studies of surfactant-SRPs mixed system have been measured and results 

are shown at the end of Chapter 3 and 4. Insights on the formation of surfactant-polymer complexes 

and their adsorption at the air-water interface were collected. 

 

In Chapter 5, an investigation of the effect of soil release polymer deposition on soil and protein release 

has been described. The removal of complex soil (sebum, lard, particulate soil) in the presence and 

absence of SRPs has been quantified via image analysis. Bovine serum albumin deposition and release 

has also been assessed via spectrophotometric assay and these data give insights on the use of the 

analysed SRPs as technologies for delivering anti-fouling benefits on fabrics via surface modification. 

 

In Chapter 6 the mechanism behind the interaction of main surfactants used in formulation and main 

classes of soil have been investigated. First, the interaction between surfactant and the amylose helix 

have been analysed, as a possible rationale for surfactant depletion and cleaning inefficiency. Oil 

emulsion stability as a function of surfactant structure has been unravelled, as a necessary condition to 

fully remove the oil after that it has been released by the fabric surface. Finally, a screening of 

surfactant-protein interactions via fluorescence spectroscopy, mass spectrometry and surface tension 

has shown the importance of surfactant structure on the denaturing of bovine serum albumin, which has 

been used as model the protein in these studies.  
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Chapter 2. Experimental techniques 
 

This thesis aims to achieve an understanding on the deposition of soil release polymers on cotton and 

polyester and on how surface modification via SRP deposition enhances soil removal from fabric 

surface. The choice of the analytical tool to investigate surface modification of fabrics via SRP 

deposition depends on the chemical and physical properties of the polymer as well as on the physical 

or chemical property of the surface under investigation. In this thesis, streaming potential was used to 

measure changes in zeta potential of the fabric when pre-treated with SRPs. The deposition of the 

polymer on fabric surface was confirmed via comparing the zeta potential of the SRP-treated fabrics to 

the zeta potential of the polymer in solution, measured via dynamic light scattering (DLS). However, 

changes in surface zeta potential had to be related to efficiency of deposition of SRPs on fabric. 

Therefore, the amount of SRP deposited onto fabrics was quantified via UV/vis spectroscopy or thermal 

gravimetric analysis (TGA), when polymers were not UV/vis active.  

 

It was hypothesised that SRP deposition on fabrics had an impact on macroscopic properties of the 

surface, such as wettability, surface roughness and surface area. For this reason, contact angle 

measurements were used to assess changes in wettability of the fabric as a result of polymer deposition, 

whereas diffusion nuclear magnetic resonance (NMR) measurements were run to investigate changes 

in the restricted diffusion coefficient of water inside fabrics structure when SRPs were deposited onto 

the fabric surface. Instead, homogeneity of the deposition and changes in surface roughness and surface 

area were investigated via Scanning Electron Microscopy (SEM) and Brunauer–Emmett–Teller (BET) 

methods. SRPs, when present on the surface of fabrics during the wash, mainly interact with surfactants 

present in the laundry detergent and with components of soil that are present on fabric surface. 

Therefore, the interactions between SRPs and main classes of surfactants and common stains and soil 

components were studied. Surface tension measurements were used as a tool to investigate which 

surfactant classes interact the most with SRPs. Instead, image analysis and UV/vis spectroscopy were 

used to evaluate removal of an oily stain from fabric as well as removal and deposition of protein onto 
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fabric surface when SRPs were efficiently deposited. Eventually, interactions between surfactants and 

the main components of soil (starch, carbohydrates and proteins) were investigated, as these interactions 

have an effect on soil removal from fabrics. The choice of the analytical tools to investigate these 

interactions depends on the types of surfactants analysed, as well as on the parameters related to the 

interactions that have an impact on cleaning. Mass spectrometry (MS) analysis and surface tension 

measurements were carried out to study interactions between surfactant and starch or BSA and 

determine how much of the surfactant is involved in the interaction with these soil components, as this 

has an impact on cleaning efficiency. The effect of surfactant structure and concentration on denaturing 

of BSA was studied via fluorescence spectroscopy and compared to the results obtained via MS. Instead, 

the Turbiscan was used to assess emulsion stability as a function of surfactant structure, as higher 

emulsion stability leads to better cleaning. 

2.1 Streaming potential 

Streaming Potential is a technique that measures the zeta potential of flat and porous substrates. The 

zeta potential of a substrate is affected by any active deposited on the surface. Therefore, streaming 

potential can be used to confirm and monitor deposition of compounds (e.g. polymer) on a surface as 

function of time, pH and other parameters of deposition.   

When a solid substrate is placed in contact with an electrolyte solution, a solid-liquid interface is 

generated. The solid substrate develops a surface charge due to the dissociation of acid or basic groups 

present on the surface (eg. sulfonate groups -SO3
-; ammonium groups -NH3

+) or because of the 

adsorption of hydroxide ions (OH-) or hydronium ions (H+). As a consequence, an electrochemical 

double layer (EDL, Figure 7) is generated in agreement with the Stern model75.  
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Figure 7- Stern electrochemical double layer at a solid-liquid interface (on the top) and resulting distribution of the potential 
in solution (on the bottom). 

 

According to this model, the charge developed on the surface of the substrate induces a counterion 

distribution in bulk. It is possible to distinguish an inner plane or Stern layer, where counterions are so 

densely distributed that they are not free to move, and a diffuse layer, where counterions are free to 

move and they progressively reach the ion distribution typical of the bulk. The electric surface potential 

at the solid-liquid face is a quantity that cannot be experimentally measured. However, it is possible to 

evaluate a parameter that is strictly related to the surface charge of the sample and which is usually used 

as an approximation of the surface potential. This parameter, called zeta or electro kinetic potential (ξ), 

is the electric potential at the slipping plane, which is the plane close to the solid surface and within 

which the liquid is stationary. In the case of solid substrate, the zeta potential is usually measured via 

streaming potential analysis76–79 and the scheme of a sample cell is shown in picture 8 (the case of a flat 

surface is shown for simplicity).  
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Figure 8 - Schematic representation of the electrokinetic phenomena occurring in the streaming potential channel. In Figure 
a, the hydraulic pressure is applied at the edge of the channel, causing a flow of the electrolyte solution. The counter ions are 
asymmetrically distributed in the channel as a result. When the hydraulic pressure stops (b), a streaming current starts flowing 
and the difference in electric potential is measured at the two electrodes at the edges of the channel. 

 

The channel contains an electrolyte (usually KCl 1mM) which is in contact with the surface to analyse. 

Initially, a hydraulic pressure ΔP is applied at the edges of the channel and this causes a movement of 

the electrolyte ions in the same directions of the flow generated by the mechanical force. As a result, an 

asymmetric distribution of the counter ions in the channel is achieved which generates a potential 

difference inside the channel (Figure 8a). After the hydraulic pressure application, the ions tend to go 

back to an equilibrium distribution in the channel, generating a back current (Figure 8b). This back 

current is called streaming current (Istr) and it is influenced by the charge accumulated on the sample in 

contact with the electrolyte. The streaming potential current is related to the zeta potential of the sample 

via the Helmholtz-Smoluchowski equation: 

𝜉 =
𝑑𝐼𝑠𝑡𝑟

𝑑Δ𝑃
×

𝜂

𝜀𝜀0
×

𝐿

𝐴
     (13) 

where η is the viscosity of the solution, ε0 is the vacuum permittivity, ε is the relative dielectric constant 

of the solution, and L and A are the area and the length of the streaming channel. Applying the Ohm 

law, according to which Istr = Ustr/R, equation 13 could be rearranged as follows: 
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𝜉 =
𝑑𝑈𝑠𝑡𝑟

𝑑Δ𝑃
×

𝜂

𝜀𝜀0
×

𝐿

𝐴𝑅
     (14). 

In the case of fabrics, there is no information about the geometry of the samples, therefore the variables 

A and L are unknown. In this case, a new variable called electrical conductivity is introduced, which is 

defined as: 

𝑘 =
𝐿

𝑅 𝐴
     (15) 

and the Helmholtz-Smoluchowski could be rewritten as: 

𝜉 =
𝑑𝑈𝑠𝑡𝑟

𝑑Δ𝑃
×

𝜂

𝜀𝜀0
×

1

𝑘
      (16). 

2.2 Dynamic Light scattering  

Dynamic light scattering (DLS) is one of the most used technique to determine particle size distribution 

and zeta potential in solution and it relies on Brownian motion. Comparing the zeta potential of a 

polymer in solution to the zeta potential of a surface immersed in a solution of the same polymer can 

give information on whether the polymer has deposited on the surface. DLS uses how light is scattered 

by particles and how light scattering changes as molecules diffuse. Particles in a solution experience 

collisions with solvent molecules. These collisions lead to a random motion of the particles where small 

particles move faster than bigger ones. The relationship between the speed of the particle, expressed as 

diffusion coefficient of the particle (D), and its size, expressed as hydrodynamic radius, is given by the 

Stokes-Einstein equation: 

D = 𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
       (17) 

where kB is the Boltzmann’s constant, T is the temperature and η is the viscosity of the solution80. 

If a light beam illuminates the sample, the photon interacts with the moving particles and, as a 

consequence of the elastic light scattering, they will be scattered in any directions.  The detector is hit 

by the light scattered by each of the particles present in the sample, where the resulting scattered 

intensity is the sum of the intensities hitting the detector at a certain time t. As a result, the scattered 
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intensity pattern, at a time t, consists of dark and bright areas, because the interaction between intensities 

could be constructive (if intensities hit the detector with the same phase) or destructive (if the intensities 

have opposite phases when they hit the detector). However, as the particles move in the sample, the 

dark and bright areas in the scattered intensity pattern are also constantly moving and there is an 

intensity fluctuation across time81. The fluctuation depends on particle size, as a slow fluctuation of the 

scattered intensity Is occurs when big slow particles are measured, whereas small particles cause fast 

changes in the intensity (Figure 9a). If we consider a certain point of the detector and we compare the 

intensity hitting the detector at a time t=0 and at a time t=δt, the two intensities have a good correlation 

for very small δt, whereas this correlation decreases and tends to become 0 for long δt. If θ is the angle 

between the direction of incident light and the direction of the scattered light, the variable called 

scattering vector q is introduced, which is a function of the wavelength of the light (λ) and of the 

refractive index of the solvent (ηs), as shown in equation 18:  

q = 4𝜋𝜂𝑠

𝜆 
𝑠𝑖𝑛 (

𝜃

2
)      (18). 

The normalised autocorrelation function g2(q, δt) is given by the Siegert equation82,83 19: 

g2(𝑞, 𝛿𝑡) = <Is(q,0) Is(q,δt)>

<Is(q,0)2>
 =|g1 (𝑞, 𝛿𝑡)| + 1   (19), 

where g1 (q, δt) is the correlation function of the scattered light. The g2(𝑞, 𝛿𝑡)  trend across time is shown 

in picture 9b.  

 

Figure 9  – a) Scheme of scattered intensities fluctuation across time for samples containing small or big particles; b) 
autocorrelation function in the case of small particles or big particles. 
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Each sample may be composed of particles with different sizes, where each particle experiences a 

different decay rate depending on its size. For each particle, a decay constant Г is calculated, which is 

related to the diffusion coefficient by the following relationship: 

Г = Dq2      (20).  

Therefore, the correlation function of the scattered light could be rewritten as: 

𝑔1(𝑞, 𝛿𝑡)=∑ (𝑐𝑖𝑒
−Г𝛿𝑡)𝑛

𝑖=1        (21) 

being ci the normalised scattered intensity for the i particle. The decay factors are then obtained by 

applying the Laplace inverse transformation to equation 21 and the diffusion coefficients and the 

hydrodynamic radius of the particles are then calculated. As a result, the size distribution of the analysed 

sample is plotted. The most used distribution type is the size distribution by number, in which the area 

associated to each Rh is proportional to the number of particles with that specific Rh. 

 

An important parameter to assess, in addition to particle size distribution, is the zeta potential of 

particles in solution. A charged particle in solution induces the EDL formation, as previously described 

for hard surfaces in streaming potential (section 2.1) and, therefore, the particle is characterized by a 

zeta potential. The zeta potential is an important parameter to the determine for particle stability, as the 

particles are stable only if their zeta potential is more positive than +30 mV or more negative than –30 

mV. The zeta potential measurement of these type of systems is based on the analysis of electro-kinetic 

phenomena. If an electric field is applied at the edges of the solution, electrophoresis occurs and 

particles in the solution start moving in the direction of the electrode with opposite charge. However, 

viscous forces tend to oppose to the movement of particles in solution. When an equilibrium between 

the electrophoresis and the viscous forces is achieved, particle moves with a constant velocity, called 

electrophoretic mobility (μE), which is a function of the viscosity (η) and the dielectric constant (ε) of 

the solution, of the applied electric field and of the zeta potential of the particles. This electrophoretic 

mobility is related to the zeta potential of the particles (z) by the Henry equation: 
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𝜇𝐸 =
2 𝜀 𝑧 𝑓(𝑘𝛼)

3𝜂
      (22) 

where f(kα) is the Henry’s constant that is equal to 1.5 in the case of moderate electrolyte concentration 

(Smoluchowsky approximation)84 or 1 in the case of low electrolyte concentration (Huckel 

approximations)84. Zeta potential of particles in solution can be calculated from the electrophoretic 

mobility, measured via light scattering. 

 

Light scattering can be used to detect the zeta potential of particles in solution by Laser Droplet 

Velocimetry (LDV) and M3-Phase Analysis Light scattering (PALS) analysis85. LDV combines the 

light scattered at 17° by colloidal particles in solution with the intensity of the incident beam. The 

resulting electromagnetic field hits the detector with a certain frequency and the rate of fluctuation of 

the hitting intensity is related to the particle velocity85. However, in the case of light scattering, the 

sample is usually loaded in a folded capillary tube, therefore the electroosmotic flow has to be 

considered.  The electroosmosis is related to the motion of a liquid relative to a stationary surface, which 

is charged, when applying an electric field parallel to the surface. The electric field, applied to generate 

the electrophoretic flow of the colloidal particles in the capillary, results in an electroosmotic flow of 

the particles close to the wall that is compensated by a reverse flow in the centre of the capillary. The 

flow is stationary at the centre of the capillary, where the electroosmotic flow and the reverse flow have 

the same value and, therefore, their sum is equal to 0. Particles at the stationary layer are only subjected 

to the electrophoretic flow. Therefore, LDV measurements are performed in this area, which means that 

a good alignment of the cell is required to measure the electrophoretic mobility in absence of the 

electroosmotic contribution. A more recent approach uses the M3-PALS to measure the particle velocity 

at any point of the capillary and extrapolate only the electrophoretic mobility. According to this 

approach, two different reverse field are applied to the colloidal solution we are analysing. Initially, a 

slow field reversal mode (SFR) is applied to reduce the polarisation of the electrodes, reversing the field 

every 1 second. After this, a fast field reversal mode is applied (FFR), where the field direction is 

inverted after less than one second. In the FFR condition, the change in the electric field direction is so 
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fast that there is not enough time for the electroosmotic flow to develop. In this regime, a PALS 

measurement is performed, where the phase of the incident light and of the light scattered by the moving 

particles is compared. Both the light beams have the same phase but they experience a shift that is 

related to the velocity of the particle. The measured phase change is proportional to the change in the 

position of the particles. Therefore, the particle velocity (vP) could be calculated via analysis of the 

phase (φ) plot against time, using equation 23: 

𝑑𝜑

𝑑𝑡
= 𝑞𝑣𝑃 = 𝑞𝐸𝜇𝑃       (23), 

where E is the applied electric field, q is the scattering vector and μP is the particle mobility86. The 

particle zeta potential can be calculated by particle mobility, using equation 22. 

 

2. 3 Ultraviolet-visible spectroscopy (UV/vis) 

Ultraviolet visible spectroscopy (UV/vis) was used to indirectly assess the amount of soil release 

polymers deposited on fabrics at different concentration and in different conditions.87 Moreover, the 

decrease of the absorbance of SRPs solution across time was used to track the kinetic of deposition of 

the polymers across time at different pH, agitation time and water hardness. An advantage of this 

approach is related to having no need of fluorescent tagging, which could have consequences on the 

efficiency and on the mechanism of deposition of the actives on fabrics. However, many other actives 

used in laundry detergents absorb in the UV region, e.g. brighteners. Therefore, this technique is 

generally used to assess deposition of SRPs in absence of detergents and other actives or in combination 

with actives that are not UV/vis active.  

When incident radiation in the UV/vis range of the electromagnetic resonance (EMR) spectrum 

interacts with a molecule, the energy of the photons is absorbed and electrons present in the molecule 

are exited from the ground, or low electronic energy level, to empty, higher energy levels. The group 

of atoms that causes the adsorption of UV/vis radiation is called a chromophore and a compound is 

UV/vis active if it contains pi-electrons or non-bonding electrons88. Indeed, the transition between two 
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electronic states concerns non-bounding electrons or electrons involved in the π bond formation which 

are excited from a bonding orbital to an anti-bonding orbital. The transition only occurs if the energy 

of the photon absorbed is equal to the energy difference between the two electronic states (ΔE). The 

relationship between the ΔE between the electronic states and wavelength (λ) or frequency (ν) of the 

electromagnetic radiation is expressed by equation 24: 

ΔE = ℎ ∗ 𝜈 =
ℎ𝑐

𝜆
        (24) 

where c is the speed of light in vacuum conditions and h is the Planck’s constant. 

 Therefore, the specific wavelength absorbed by a molecule gives us information about the energy levels 

present in the molecule and about molecular structure. The intensity of light adsorbed is proportional to 

the concentration of an analysed substance, according to the Lambert-Beer law: 

A = 𝜀 𝑙 𝐶      (25) 

where A is the absorbance at the wavelength of interest, 𝜀 is the molar extinction coefficient of the 

sample, l is the optical path of the incident light inside the solution and C is the molar concentration of 

the analyte.  

The SRPs based on PEG-POET block copolymers, studied in this thesis, are UV/vis active due to the 

presence of conjugated double bounds in the terephthalate units and their maximum of adsorption is 

close to 240 nm. For this reason, UV/vis spectroscopy was used to measure decrease in absorbance, and 

therefore in concentration, of the SRPs and to indirectly assess the amount of SRPs deposited onto 

fabrics.  

2.4 Thermal gravimetric analysis 

Thermal gravimetric analysis (TGA) was used to assess amount of SRPs deposited onto polyester in 

the case of SRPs that were not UV/vis active. TGA is a useful technique to assess the effect of 

temperature on the mass of solid or liquid samples and gain information about their chemical 

composition and their resistance to heat. This is achieved using a high precision balance, which 
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measures the change in mass of a sample when the temperature is increased. Heating of the sample 

occurs in a controlled atmosphere, that usually contains a non-reactive gas (eg. nitrogen89). However, it 

is quite common to perform thermal gravimetric analysis also in presence of air or oxygen90,91, so that 

the pyrolysis of the sample occurs and the carbon content in the sample is quantified. For instance, TGA 

is usually used to assess fabric’s resistance to fire when a flame retardant coating is applied90,92. 

In our work, we used TGA to indirectly quantify the mass of non-UV/vis active SRPs deposited on our 

polyester, where the mass lost at the melting temperature of the polymeric film was an indicator of the 

mass of SRPs previously deposited. For this purpose, the analyses were performed on untreated and 

SRP-modified polyester and the thermograms of the samples were compared. 

 

Figure 10  – Thermogram and its 1st derivative plotted for a sample of untreated polyester analysed in TGA. The thermal 
degradation has been done using a temperature ramp between 30 and 700 °C and a heating speed of 10 °C/min. The furnace 
has been filled with air 

 

In TGA, the sample is typically placed in a platinum pan, after being cut into small pieces to maximize 

its surface area. The initial mass of the sample is recorded, and a thermal ramp is applied. The 

thermogram, obtained by plotting the percentage of mass decrease as a function of temperature, (Figure 

10, black curve), has a S shape which is typical of single melting-point material. When the onset 

temperature is reached (Tonset), the material starts melting and its mass start decreasing. When the 

temperature reaches the offset value (Toffset), the process comes to an end and the amount of material 

that experienced thermal degradation is evaluated by the difference in mass % between the Toffset and 

the Tonset. The melting point (Tmelting) is defined as the point with the greatest mass change in the 



 

43 
 

thermogram and it is usually given by the minimum in the first derivative of the thermogram (Figure 

10, blue).  

2.5 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was used for imaging polyester before and after SRPs deposition 

and to estimate changes in surface roughness as a result of surface modification . In this technique, a 

primary electron beam is emitted by a tungsten filament, then it is accelerated by a series of condenser 

lenses and focused on the area of interest. The interaction between the electrons of the primary electron 

beam and the outer atoms of the surface leads to different phenomena, such as emission of X-rays and 

secondary electrons (SE). In the case of SEM, the secondary electron beam produced by inelastic 

scattering is focused by lenses and sent to the detector. The secondary electrons contain information 

about surface topography and they are used to reconstruct the image of the surface93. This is achieved 

by scanning the area of interest with the primary electron beam and encoding the information related to 

the secondary electron beam for each position of the sample. The spatial resolution of SEM could go 

down to 1 nm. If the sample is not conductive, a layer of metal ions is deposited on the surface of the 

sample to render the sample conductive and avoid artefacts in the images due to charging phenomena94. 

The sample metalization is achieved by  depositing a thin layer of a metal ( palladium, gold, chromium) 

or a conductive compund (osmium tetraoxide) . The initial layer avoids accumulation of an excess of 

charge on the substrate that can affect secondary electron emission.  

A series of mathematical algorithms can be used to evaluate a roughness index associated to the SEM 

image, usually expressed as root mean square roughness (Rq), which is calculated as follow95: 

𝑅𝑞 = √
1

𝑃𝑄
∑ ∑ 𝑧𝑖𝑗

2𝑄
𝑗=1

𝑃
𝑖=1     (26) 

where P and Q are the number of pixels along the x and y directions and zij is the surface height for a 

specific point that is defined by the coordinate i and j in the picture. Moreover, the fast Fourier transform 

(FFT) can be applied to the images to provide information about spatial periodicity in the polymer 

deposition. 
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2.6 Contact angle measurements 

The wettability of a surface is usually determined via contact angle measurements. When a drop of a 

liquid is dispensed on a substrate at a certain pressure and temperature, the liquid sits on the substrate 

with a specific contact angle that depends on surface roughness and wettability. The observed contact 

angle is the result of a balance between the surface tension at the liquid-solid interface (γls), at the solid-

gas interface (γgs) and at the liquid-gas interface (γlg), as shown in Figure 11 and in the Young equation: 

𝛾𝑔𝑠 = 𝛾𝑙𝑠 + 𝛾𝑙𝑔 cos 𝜃       (27) 

 

 

Figure 11 – Diagram of a liquid drop on a surface: γls is the liquid-solid surface tension, γgs is the gas-solid surface tension, 
γlg is the liquid-gas surface tension and θ is the contact angle. 

 

Contact angle of water on polyester before and after deposition of SRPs was measured to assess changes 

in surface wettability when SRPs are present. A substrate is defined as being hydrophilic if the contact 

angle of water is lower than 90°, while hydrophobic substrates have contact angles that are greater than 

90°. For instance, a substrate is fully wetted by a liquid if the contact angle of the liquid on the substrate 

is equal to 0°. Moreover, the contact angle between a liquid and a solid is a dynamic quantity, where 

several contact angles may form as a consequence of motion impressed to the air-liquid-solid bounday 

or changes in the interficial forces96. If the sample is tilted, or if the liquid volume of the droplet 

deposited on the substrate is changed, dynamic contact angle is measured. The  contact angle hysteresis 

is defined as the difference between the greatest (advancing contact angle) and the lowest contact angle 

(receding contact angle) that the liquid forms on a substrate. In any case, an equilibrium contact angle 
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could be calculated by measuring advancing (𝜃𝐴) and receding contact angle (𝜃𝑅) via volume changing 

method or sample tilting.  

2.7 Diffusion Nuclear magnetic resonance  

Nuclear magnetic resonance (NMR) is a technique which requires the presence of atoms that have a 

spin quantum number I which is not zero. The spin quantum number depends on the number of unpaired 

nucleons present in the atom, where each unpaired nucleons contributes a value of +1/2 to I.  

NMR active nuclei have 2I+1 spin states97, when in a static magnetic field, and in the case of 1H, where 

I = 1/2, there are two possible spin states: ms = +1/2 (α) and ms = –1/2 (β). The nucleus is characterized 

by a magnetic momentum μ which is related to the spin quantum number by the equation 21: 

𝜇 = 𝛾𝐼      (28) 

where γ is the gyromagnetic ratio97. If a magnetic field B0 is applied, the magnetic momentum μ aligns 

to the direction of the magnetic field B0 and it processes around it. The frequency at which the spin 

precesses is called Larmor frequency ω0 
88,98 and is defined as: 

𝜔0 = −𝛾𝐵0     (29). 

 In the absence of a magnetic field, these spin states are degenerate. When B0 is applied, the two spin 

states are no longer degenerate: 

𝐸𝑚 = −
ℎ

2𝜋
𝛾𝑚𝐵0    (30), 

where h is the Plank’s constant. The energy difference between the two spin states is given by: 

Δ𝐸 =
ℎ𝛾𝐵0

2𝜋
     (31). 

The population of spin states is described by the Boltzmann distribution: 

𝑁𝛼

𝑁𝛽
= 𝑒

−
Δ𝐸

𝑘𝐵𝑇     (32) 
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where kB is Boltmann’s constant and T is temperature 88,98. There is an excess of nuclei in the lower spin 

state α and the difference in spin population produces a net magnetisation vector, defined as 

𝑀0=∑ 𝜇𝑖  (Figure 12). This vector is aligned with the direction of the applied magnetic field, normally 

the z direction, and there is no detectable NMR signal97. 

 

 

Figure 12– a) Scheme of the spin precession of a nucleus with magnetic momentum μ; b) distribution of different nucleus in 
the two spin state (α and β) and bulk magnetization M0. 

 

When radiofrequency energy is applied to the system, the magnetisation is moved into the x-y plane, 

resulting in the population in α and β being the same, and the NMR signal is maximum. All the nuclei 

in the xy plane are precessing, and the rotating magnetic moment, produces an electric field. This 

changing electric field is detected by an RF coil as the NMR signal. After the RF pulse is applied, the 

magnetisation begins to return to an equilibrium state, by processes known as relaxation. During 

relaxation, spins in the transverse plane return to thermal equilibrium and a decay of the NMR signal 

detected in the transverse plane across time occurs, which is called free-induction decay (FID). The spin 

relaxes can be described by two relaxation time: spin-lattice relaxation time (T1) and spin-spin 

relaxation time (T2).  T1 relaxation time is the time that spins require to go back to the Boltzmann 

distribution in the α and β levels. T2 relaxation time is the time that spins take to de-phase when they 

are in the transverse plane.  
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The application of a Fourier transform to the FID produces an NMR spectrum of the analysed sample.  

In this thesis, NMR was used because it enables to measure the self-diffusion coefficient of molecules 

at thermal equilibrium. This is achieved by applying a pair of pulsed magnetic field gradients (PFG) 

during the RF sequence. Each applied gradient varies the magnetic field across the sample, resulting in 

nuclei having different processional frequencies ω(r) in different parts of the sample. If G is the 

magnetic field gradient strength, the processional frequency is given by: 

ω(r)=𝛾𝐵0 + 𝛾𝐺𝑟     (33). 

This information can be used to spatially encode where the nuclei are within the sample. If Δ is the 

observation time, the root square of the displacement of the molecules is related to the diffusion 

coefficient D by the following equation99: 

𝑑 = √2𝐷Δ      (34). 

The diffusion coefficients for molecules can be calculated by measuring how the attenuation of the 

NMR signal changes as a function of observation times via diffusion NMR experiment. 
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Figure 13 – On the top, sequence of RF pulse and pulsed field gradient applied to the sample in a Pulsed Gradient Stimulated 
Echo experiment. On the bottom, the spatial encoding of spins as a consequence of pulsed field gradient application and 
diffusion. 

 

Diffusion NMR experiments are run by applying either a Pulsed Gradient Spin Echo (PGSE) or a Pulsed 

Gradient Stimulated Echo (PGSTE) sequence. A schematic of RF and PFG application in the case of 

PGSTE sequence is shown in Figure 13. This pulse sequence uses three 90° RF pulses. When the first 

RF pulse, M0 is moved from the z axis into the x-y plane.  Following the RF pulse, a magnetic field 

gradient is applied, called dephasing gradient. A second 90° RF pulse is applied after a time τ following 

the first RF pulse. The second RF pulse returns M0 to the z axis, where it processes for a time τ2, called 

the mixing time (TM). During this time, the magnetisation does not experience any T2 relaxation. After 

this time, a third RF pulse is applied, followed by the second PFG, and M0 is in the x-y plane. If no 

diffusion has occurred, between the application of the two gradient pulses, a full refocussing of the spins 

occurs. However, if molecular diffusion has occurred only a partial refocusing occurs and therefore 

there is a decrease in the NMR signal.  
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In a diffusion NMR experiment, several experiments are run by incrementing the pulsed magnetic field 

gradient strength G. The signal attenuation is plotted against the magnetic gradient field strength and a 

signal attenuation curve is obtained, which can be fitted by the Stejskal-Tanner equation100 to obtain the 

diffusion coefficient: 

𝑆(𝐺)

𝑆(0)
= 𝑒−𝛾2𝛿2𝐺2𝐷(Δ−

𝛿

3
)    (35). 

It is possible that molecules are present within multiple environments. In this condition, the molecule 

exhibits different diffusion coefficients which all contribute to the signal attenuation. Therefore, signal 

attenuation curve cannot be fitted by a mono-exponential Stejskal-Tanner curve and a modification in 

equation 35 is needed. In the case of two different diffusion coefficients (D1, D2) exhibited within the 

sample, the Stejskal-Tanner relationship can be rewritten as follow100: 

𝑆(𝐺)

𝑆(0)
= 𝑥𝑒−𝛾2𝛿2𝐺2𝐷1(Δ−

𝛿

3
)+(1 − 𝑥)𝑒−𝛾2𝛿2𝐺2𝐷2(Δ−

𝛿

3
)  (36). 

2.8 Surface area, pore size and pore size distribution analysis 

The diffusion of water inside porous substrates is related to the porosity of the substrate investigated. 

In this thesis, the diffusion coefficients of water inside polyester fabrics before and after SRPs 

deposition were correlated to surface area data collected for the same fabrics via Brunauer–Emmett–

Teller (BET) methods. BET is a technique that enable the determination of surface area of porous 

materials, as well as pore size distribution, pore radius and volume. It is based on physical absorption 

of an inert gas on the surface of the sample analysed, where the mass of gas absorbed as a function of 

the pressure in the sample tube is measured.  

 

The physical absorption of a gas onto a solid surface follows four different stages, dictated by the 

increase in gas pressure101. During stage I, at low gas pressures, only a few gas molecules are present, 

which are absorbed on the sample surface. At stage II, a gas monolayer is formed on the sample surface, 

as a consequence of the increased gas pressure. Further increase in the gas pressure leads to a thicker 
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gas layer adsorbed on the surface of the sample and the gas starts filling the pores, where the small 

pores are filled first (stage III). Knowing the gas pressure at which the pores filling occurs, enables an 

estimation of the pores size distribution and pores volume. During stage IV, saturation of the surface 

occurs, where mesopores and macropores are fully filled by gas. A desorption cycle is then performed 

on the samples, by decreasing the gas pressure across time. At this stage, an adsorption isotherm is 

obtained, where the volume of adsorbed gas against gas partial pressure (ratio between gas pressure and 

saturation pressure) is plotted. The isotherm is fitted to different models to determine pore volume, pore 

size and size distribution, verifying if the material is microporous (0.2-2 nm), mesoporous (2-50 nm) or 

macroporous (> 50 nm).  

 

There are six different type of adsorption isotherms102, as shown in Figure 14. Type I isotherm is known 

as the Langmuir isotherm and it is usually obtained for microporous materials, where the gas forms a 

monolayer and the absorbed volume reaches a plateau due to the inaccessibility of the smaller 

micropores. If the material is non-porous or nano-porous, multilayer formation is possible, and the 

equivalent absorption isotherm follows the Langmuir-Freundlich equation (type II). However, if the 

multilayer formation does not involve the formation of a preliminary monolayer, and a random 

clusterization of the gas molecules occurs due to weak adsorbent-adsorbate interaction, the isotherm is 

called Brunauer-Emmett-Teller (BET, type III). If molecular clusterization is followed by pore filling, 

type V adsorption isotherms are obtained. The gas adsorption on mesoporous materials follows type IV 

isotherms, where the multilayer formation is followed by gas condensation. Instead, type VI refers to 

non-porous material that experience multilayer formation. Therefore, fitting the experimental BET data 

to one of the following isotherms, an understanding of the sample porosity is achieved. 
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Figure 14  – Plots of adsorption isotherms type according to IUPAC classification102 

 

2.9 Surface tension measurements 

Surface tension measurements give information about which molecules are placed at the air/ water 

interface and they can be used to understand interactions between molecules present in solution, as in 

the case of surfactant-polymer interactions investigated in this thesis. When considering the molecules 

that are present in bulk in a certain phase, each molecule is surrounded by molecules of the same type. 

The molecules attract each other with an attraction force (called cohesion force, blue arrow in Figure 

15) that has the same strength for each pair of molecules considered. As these cohesion forces are acting 

on the bulk molecule in all directions, the resulting force acting on the single molecule is zero. However, 

when considering a molecule placed at the interface with a second phase (eg. air-liquid), this molecule 

is subjected to cohesion forces with molecule of the same type only on one of its side. At the same time, 

a second type of forces, called adhesion forces (green arrow in Figure 15), is experienced with 

molecules belonging to the second phase. The adhesion forces are always weaker than cohesion forces, 

therefore, the molecule at the interface experience a resulting force that tend to drag the molecules in 

bulk. As a result, work has to be done against this force to bring the molecules at the interface with the 

second phase. The molecules in the system tend to arrange themselves in order to minimize the surface 
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area between the two phases and the work required to generate the interface. The surface tension is 

defined as the work W that is necessary to generate an increase ΔA of the interfacial area. 

𝛾 =
𝑊

Δ𝐴
       (37). 

 

 

Figure 15  - a) Diagram of the adhesion forces (blue)  and cohesion forces (green) acting on the molecules present in bulk and 
at the interface. b) Scheme of the Wilelmy method, where a platinum plate is immersed in a liquid and then extracted to 
measure the surface tension. 

 

One of the main consequences of surface tension is the formation of water droplets. Water molecules 

experience very high cohesion forces due to hydrogen bonding, resulting in a very large value of surface 

tension (72 N/m at 25 °C). For this reason, water tends to achieve the minimum possible surface area 

when in contact with a different phase (eg. air) which correspond to the formation of a sphere. 

 

The most used approach to measure surface tension for a liquid-air interface is the Wilhelmy method, 

which uses a plate of platinum-iridium that is dipped in the solution and then slowly extracted. This 

process brings to the formation of a liquid lamellae due to the wetting of the plate by the liquid. The 

plate is connected to a microbalance that measures the force, F, applied to the plate until the lamellae 

rapture. The measured force is related to the surface tension of the liquid via the following equation: 

𝛾 =  
𝐹

𝐿 cos (𝜃)
      (38) 
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where L is the wetted perimeter (equal to the perimeter of the plate) and θ is the contact angle. The 

choice of using a platinum-iridium plate is done to achieve full wetting of the plate by the liquid, so that 

cos(θ) is equal to 1 and the equation is simplified. 

 

Measuring the surface tension of a solution gives information about which molecules are placed at the 

air-water interface. In general, any solvent is characterized by a value of surface tension which is 

tabulated. In the case of solution, the surface tension value is different from the one measured for the 

solvent only if the solution contains surface active agents. For instance, this is the case of surfactant 

solutions. As explained in section 1.2.3, surfactants have high affinity to the air-water interface because 

of their amphiphilic structure. When placed at the air-water interface, they experience high cohesion 

forces with other surfactant molecules as well as high adhesion forces with the air molecules because 

of their hydrophobic tails. As a result, the resulting force acting on the surfactant molecule is weaker 

than the one experienced by water molecules and the energy requirement to keep the surfactant 

monomers at the air-water interface is lower. This reflects in a lower value of the surface tension in 

presence of surfactants. Moreover, surface tension could be used to understand interaction between 

surfactants and polymers. When the surface tension of pure surfactant solution is compared to the 

surface tension of the same surfactant in presence of a polymer (eg. SRPs, proteins or amylose) different 

scenarios can occur. If no interaction occurs between the polymer and the surfactant, the surface tension 

of the mixture is equal to the one of pure surfactant solution. If the polymer is surface active, both 

polymer and surfactant molecules are placed at the air/liquid interface and the surface tension is lower 

than the one measured for the surfactant solution. If an interaction is occurring between the surfactant 

and the polymer, there is a depletion of surfactant monomers at the air/liquid interface which reflects in 

an increase of the surface tension of the system.  

2.10 Colour measurements for stain removal analysis 

The efficiency of soil removal from textile are usually evaluated via colour change analysis and 

reflectance spectroscopy18,19,28,103,104. In most cases, a DigiEye digital image analyser (DigiEye plc, 
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Verivide, UK) is used instead of a simple spectrophotometer. This is because the DigiEye enables 

analysis of a wider area compared to a spectrophotometer and this minimize the error associated to the 

measurement, as different parts of the textile pattern are simultaneously analysed. The DigiEye is a 

lighted cabinet equipped with a Nikon digital camera that takes high quality and reproducible pictures 

of the stains. The system is set to use the D65 light which represents normal standardized day light 

conditions with a correlated colour temperature of 6500 K 105. These conditions have been recognised 

as standard conditions by the Commission on Illumination (Commission Internationale de l’Eclairage, 

CIE)106. Pictures of the stains of interests are taken and the system uses these images to evaluate 

reflectance and colour of the stains and the output consist of colour coordinates that are in line with the 

L*a*b* colour space, recognized as standard by the CIE. According to this, each image has a specific 

value of L*, which is related to its lightness, of a*, which gives information about the redness/greenness 

of the sample, and of b*, which refers to the blue/yellow appearance of the stain. In our tests, the 

coordinates (Li
*, ai

*, bi
*) were measured for the stains before (i=1) and after (i=2) laundering and 

analysed via DigiEye software 6.2. Differences in lightness (ΔLi*), redness (Δai*), and blueness (Δbi*) 

for each stain in contrast to the background have been evaluated and the total difference was then 

calculated as: 

Δ𝐸𝑎𝑏,𝑖
∗ = √Δ𝐿𝑖

∗2 + Δ𝑎𝑖
∗2 + Δ𝑏𝑖

∗2    (39). 

The stain removal index is given by the following equation: 

𝑆𝑅𝐼(%) = (
Δ𝐸1−Δ𝐸2

Δ𝐸1
) × 100      (40). 

2.11 Mass spectrometry 

Mass spectrometry (MS) is a gas phase technique that lead to sample characterization via ionization 

and separation of the resulting ions according to their different mass-to-charge ratio (m/z). In general, 

mass spectrometers typically comprise the same key components which are an ion source, a mass 

analyser and a detector, where these could be different accordingly to the samples that needs to be 

analysed or to the resolution that needs to be achieved. One of the most common technique for 
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ionization used in MS is the ElectroSpray Ionization (ESI), where the liquid sample is vaporized and 

ionized before being transferred to a mass analyser. In an ESI interface, the liquid sample is forced 

through a capillary that has a very high potential applied and that is at atmospheric pressure. When a 

liquid is exposed to a high potential, the Taylor cone is formed107 as a consequence of electrostatic 

repulsion between ions with the same charge (Figure 16). When the electrostatic repulsion becomes 

stronger than the liquid surface tension, an electrospray is formed and droplets containing analyte ions 

and solvent molecules are formed. These droplets are formed in the space between the capillary edge 

and the entrance of the spectrometer, where high vacuum is present. In this area, an inert gas as nitrogen 

(N2) is flowing. As a result, solvent evaporation occurs and the droplets become smaller, with higher 

charge density. When the radius of the droplet reaches the Rayleigh limits108, the repulsion between 

charged analytes in the droplets becomes too high and it leads to Coulombic fissions109. Smaller and 

smaller droplets form and they experience desolvation as before, until the Rayleigh breakup occurs 

again. The desolvation-Rayleigh breakup cycle repeats until a gas phase ion containing only one 

molecule of the analyte is formed. One of the main advantages of using ESI versus other ionization 

techniques (eg. Matrix Assisted Laser Desorption Ionization MALDI or Electron ionization EI) is that 

ESI belongs to the range of soft ionization techniques.  Therefore, ESI is able to generate analyte ions 

without causing fragmentation of the analyte molecules. For this reason, it has found several 

applications in analysis of biological samples that usually experience fragmentation, as lipids and 

proteins. It is possible to distinguish ESI-(+) and ESI-(–) operation mode, where, accordingly to the 

potential applied to the capillary, positive or negative ions are generated respectively. 
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Figure 16 - Application of high voltage (HV) to the ESI capillary that contains the analyte solution. The steps of ESI ionization 
can be seen. Initially, Taylor cone is formed because of the high potential difference. When electric repulsion between charge 
exceed the solvent surface tension, analyte-solvent droplets are released and they undergo a series of Coulombic fissions until 
a single analyte molecule ion is formed. 

 

The ions formed in the ESI source are characterized by a certain m/z and they are accelerated to the 

entrance of the spectrometer where the mass analyser is placed. There are different types of analyser, 

one of the simplest is the Quadrupole analyser (Q), which has been used in this work. In this type of 

analyser, an electric radio-frequency (RF) quadrupolar field is applied and used to separate ions 

according to their m/z. By scanning the RF, ions with different m/z pass through the quadrupole and 

reach the detector. The resulting signal recorded by the detector is directly proportional to the number 

of ions with a specific m/z hitting the detector when a certain RF is applied. The output of the technique 

is a mass spectrum, where the intensity is plot against m/z. Intensity is usually represented as a 

percentage, where the ion with the highest intensity has an intensity of 100% and the other ions 

intensities are normalised against this maximum. The area under the peak associated to each m/z is 

proportional to the abundance of the ion with that m/z in the sample, therefore it could be used for 

quantitative analysis.  

2.12 Fluorescence spectroscopy 

Fluorescence spectroscopy is one of the most used tools to assess interactions between proteins and 

surfactants, as decrease in fluorescence intensity associated to the tryptophan is strictly related to 

denaturation of the protein (as explained in section 1.6.3). Absorption of a photon by a molecule cause 

an electronic transition (as already explained in section 2.2), where the electron is excited from the 
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electronic ground state (S0) to a higher energy electronic state (S1). When the excitation occurs, the 

electron is transferred to any of the vibrational states of the excited electronic state S1 (Figure 17). After 

the absorption, the molecule naturally undergoes a series of process as vibrational relaxation and/or 

internal conversion, where the energy is released as heat. These relaxation phenomena cause the decay 

of the electron from any of the vibrational excited states to the ground vibrational level in the S1 

electronic level. When the electron is in this ground vibrational state, it can decay to any of the 

vibrational states of the ground electronic level (S0), releasing energy. The energy the electron releases 

is lower than the one previously absorbed, and the resulting emissive phenomenon is called 

fluorescence.  

 

 

Figure 17- Jablonsky diagram for Absorption and Fluorescence. Electrons in the ground state (S0) are excited by adsorption 
of light and they get promoted to any of the vibrational states of the excited electronic state (S1). As a consequence of internal 
conversion or vibrational relaxation, the electrons decay to the fundamental vibrational state of S1 where they are able to emit 
energy as light (fluorescence) and decay to any of the vibrational state of the ground electronic state. The resulting emitted 
light has a lower energy, and, therefore, a higher wavelength, than the light initially adsorbed. 

 

The fluorescence emission spectrum has a maximum at higher wavelength compared to the absorption 

spectrum, as the photon emitted has a lower energy than the absorbed one. Moreover, the position of 
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this maximum in the emission spectrum is affected by several parameters, eg. the environment 

surrounding the fluorescent unit.  

2.13 Turbiscan analysis  

Turbiscan can be used to evaluate emulsion stability as a function of surfactant chemical structure. This 

tool investigates phenomena of instability related to emulsion formation by measuring the transmission 

(Tr) and the back scattering (BS) of an Infra-red (IR) light source. The wavelength of the Turbiscan 

light source is 850 nm (near IR) and the instrument is equipped with a double synchronized detector: a 

transmission detector, that lies in the same direction of the incident light (θ = 0 °) and a back scattering 

detector, that is placed at 135 ° in respect to the original incident beam (Figure 18). 

 

 

Figure 18– Diagrammatic scheme of the turbiscan instrument setup, where the IR source is moved along the length of the vial. 
The transmission and backscattering signals are collected by two different detectors, respectively placed at 0° and at 135°. 

 

Emulsion formation occurs when two immiscible liquid (e.g. water and oil) are mixed together in the 

presence of agitation forces, leading to formation of spherical droplets. The emulsions are metastable 

system, which stability is increased by addition of an emulsifier, as surfactant for instance. However, 

because of their instability, emulsion tend to coalesce and separate as a consequence of gravity. The oil, 

which has a lower density, migrate to the air/water interface, causing phase separation. The changes in 

the oil distribution across the sample has an effect on the interaction between the analysed sample and 

the IR light. 
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The photon mean free path (λ) is defined as the average distance that the photon has covered between 

two successive collisions and this depends on different factors such as the density of the particles (n), 

particle mean diameter (d), the scattering extinction coefficient (Qe) and the particle volume fraction 

(𝜙) 110: 

𝜆 =  
1

𝑛(
𝜋𝑑2

4
)𝑄𝑒

=
2𝑑

3𝜙𝑄𝑒
     (41) 

 In the case of anisotropic scattering, the photon is deflected after collision with a particle and moves in 

a direction that is different from the direction it pursued before the collision. Being θ the scattering 

angle, the asymmetry factor g related to the anisotropic scattering is given by the average cosine of the 

scattering angles that are considered in the phase function and its value is equal to 0 for isotropic 

Rayleigh or 0<g<1 for anisotropic scatter. The photon transport mean free path is then expressed by: 

𝜆∗ =
𝜆

(1−𝑔)
 = 2𝑑

3𝜙(1−𝑔)𝑄𝑠
      (42). 

As a result of the collision, there is a lower number of photons travelling along the original direction of 

the incident light, which results in lower transmission. However, there is an increase in the 

backscattering signal, related to the size of the particle. Both the transmission and the back scattering 

are related to the photon mean free path by the following equations: 

         BS = 1

√𝜆∗  ~ √𝜙

𝑑
             (43) 

Tr = 𝑇0𝑒− 
2𝑟𝑖

𝜆      (44), 

where T0 is the initial transmission and ri is the internal radius of the measurement cell. 

Therefore, analysing the backscattering and transmission profile of a sample across time gives 

information about the photon transport free path, which is related to emulsion formation and emulsion 

stability.  
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In Figure 19, the different phases of emulsions analysis via Turbiscan are shown. Initially (Figure 19a), 

the transmission and the backscattering profile of the surfactant solution in absence of any soil are 

analysed, as these values are then used for normalizing the transmission and backscattering profiles. 

After few minutes, oil is added in the vial and emulsions are generated via mixing.  When mixing stops, 

the emulsions formed are uniformly distributed in the solution and the transmission is lower than before 

the addition of oil (Figure 19b). Emulsions are unstable and, therefore, they tend to migrate and phase 

separate. This process, called creaming, results in the migration of oil droplets to the air/water interface 

as consequence of gravity (oil being lighter than water). As a result, the transmission at the bottom of 

the vial increases due to the lower amount of oil droplets in this region. At the same time, the formation 

of the oil layer on top of the solution cause a decrease of the transmission signal at the top of the vial 

(Figure 19c). In combination to the creaming, flocculation occurs, where the oil droplets coalesce and 

generate bigger oil droplets that are more unstable. This has an effect on the back scattering, as bigger 

particle scatter more, causing an increase in the backscattered signal.  

An advantage of the use of turbiscan for emulsion analysis is related to the possibility of using data 

fitting to achieve particle size distribution. Particle size is related to creaming velocity, which could be 

calculated by fitting the transmission or back scattering data across time at each height. The case of 

transmission is shown in Figure 20: Figure 20a shows the shape of a transmission profile recorded 

across time for a certain height of the vial (hi). The increase of transmission at the end of the agitation 

is related to the creaming process, where a plateau in Tr is achieved after a certain time that is strictly 

related to the emulsion stability as well as to the emulsion droplet size. The increase of Tr vs time 

follows an exponential trend and it could be fit to the equation 45 in order to determine the variable τi, 

time required to achieve the equilibrium transmission: 

Tr = 𝑒𝜏𝑖      (45). 

The values of τi at each hi could be used to evaluate the creaming velocity: 

vi=
ℎ𝑖

𝜏𝑖
      (46), 
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that could be substituted in the Navier-Stokes’ equation (equation nr 5) to obtain the radius of the droplet 

size r at each height111 . 

 

 

Figure 19– Transmission (blue boxes) and back scattering profile (grey boxes) across vial height of a surfactant solution in 
absence of oil (2a), just after emulsion generation (2b), and after that creaming has occurred (2c).    
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Figure 20 – a) Transmission profile across time for a generic height hi where the phases of agitation and creaming are 
highlighted. b) Comparison between different Transmission profile at different vial heights. 

 

2.7 Models for data fitting 

2.7.1 Langmuir and Langmuir-Freundlich adsorption isotherms 

Adsorption isotherms represent an easy tool to have information about the affinity between the 

adsorbate and the substrate, which can be used to assess which polymers have a higher affinity towards 

polyester via measuring the affinity constant. There are several models used to fit the adsorption 

isotherms and the best fitting is dictated by the type of adsorption sites and of absorbate. In the simplest 

case, as already described in section 2.5, the adsorption isotherm follows the Langmuir model. The 

adsorption isotherm relates the amount of adsorbate (per gram of adsorbent) qE occupied sites to the 

concentration of adsorbate at equilibrium, [P]e:  

𝑞𝐸 = 𝑄𝑠𝑎𝑡
𝐾 [𝑃]𝑒

1+𝐾[𝑃]𝑒
     (47) 

where Qsat denotes the saturation level of the solid and K (Langmuir’s constant) is the equilibrium 

constant for the adsorption process reflecting the adsorption energy. A real solid surface is generally 

heterogeneous, characterized by adsorption sites with different adsorption energies and therefore 

different Langmuir’s constant. For heterogeneous systems the overall adsorption isotherm is obtained 
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integrating the Langmuir’s isotherms over all the KL-values112 obtaining the following isotherm often 

called Langmuir−Freundlich or Sips isotherm. 

 𝑞𝐸 = 𝑄𝑠𝑎𝑡
𝐾([𝑃]𝑒)𝑚

1+𝐿([𝑃]𝑒)𝑚      (48) 

The variable K is related to the median binding affinity (K0) via K0 = K1/m. In this model m is the 

heterogeneity index, which varies from 0 to 1. For a homogeneous material, m = 1, and we retrieve the 

Langmuir isotherm. A heterogeneity in the affinity of the surface for noninteracting adsorption sites 

corresponds to m < 1. However, when multiple adsorption sites occur, another phenomenon connected 

with inhomogeneity can emerge. The polymer affinity for an adsorption site can depend on the 

occupancy of the neighbouring sites. In such a case, the adsorption is said to be cooperative. In the case 

of positive cooperativity, the presence of occupied binding sites makes the further ligand binding 

favourable and m > 1. In the case of negative cooperativity, the binding to a site reduces the affinity of 

the ligands for the other sites and m < 1. 
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Chapter 3. PEG-POET SRPs 

3.1 Introduction  

The primary goal of this work was to identify suitable soil release polymers to enable surface 

modification of fabrics and enhance soil removal from synthetic hydrophobic textiles, such as polyester. 

According to literature, the optimal candidate is a block copolymer that is composed of hydrophilic and 

hydrophobic units, where the hydrophobic moieties are necessary for deposition onto polyester. In this 

chapter, polyethylene glycol – polyoxyethylene terephthalate (PEG-POET) block copolymers were 

investigated as soil release polymers for cotton and polyester. A combination of streaming potential and 

UV/vis spectroscopy was employed to investigate the effect of deposition parameters, such as pH, water 

hardness and agitation speed, for SRP adhesion on fabrics. This study helped to identify the 

experimental conditions needed to achieve efficient deposition of PEG-POET SRPs on polyester. In 

addition to the deposition parameters, the presence of surfactants in the environment can have an effect 

on SRPs deposition due to coacervation of SRPs with surfactant molecules or changes in polymer 

conformation. Therefore, interactions between the soil release polymers and different types of 

surfactants were investigated to assess which surfactants are able to interact with the SRPs during the 

wash. 

 

As explained in section 1.4.1, the enhancement of soil removal from SRP-modified textiles is a 

consequence of the hydrophilization, and pore occlusion, experienced by the textile as result of polymer 

deposition. This chapter provides an overview of the effect of PEG-POET SRPs on polyester with 

respect to surface wettability. Changes in surface area and surface porosity due to SRPs deposition are 

investigated, as these parameters can be related to soil removal performances, which will be discussed 

further in Chapter 5. 
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3.2 Experimental 

3.2.1 Polyethylene glycol – polyoxyethylene terephthalate (PEG-POET) soil 

release polymers 

The first class of SRPs analysed in this work is based on a polyethylene glycol – polyoxyethylene 

terephthalate (PEG-POET) block copolymers, which general structure is shown in Figure 21a. The PEG 

block is hydrophilic, whereas the hydrophobic POET block is responsible of the deposition on the 

hydrophobic fabrics. Among this class, two different SRPs were studied, both commercialized by 

Clariant Gmbh (Muttenz, Switzerland). The first SRP is the SRA300F, an anionic SRPs where the 

terephthalate group has been functionalized with sulfonate groups that are not present in the non-ionic 

SRN240, also used for this work. The two polymers have very similar structure, as the length of the 

hydrophobic and hydrophilic block are the same for both the SRPs. Therefore, the main difference 

between the two actives is associated with the presence of the sulfonate groups along the SRA300F 

chain, which could lower the strength of the hydrophobic interactions with the textiles for the anionic 

SRP. 

 

 

Figure 21 - a) General structure of the PEG-POET block copolymers used in this research; b) structure of SRA300F, the anionic 
SRP used in this work; c) structure of SRN240, the non-ionic SRPs used in this work. 

 

In this work, the effect of the different chemical structure on deposition on fabrics surfaces as well as 

on soil removal performances was investigated. As mentioned, the main difference among the two 

polymers is the charge, where the presence of the anionic group on the SRA300F is expected to lower 

the hydrophobic interaction with hydrophobic materials. 
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3.2.2 Surfactants 

A wide variety of different surfactant molecules, containing different head group type and size, 

different chain lengths and different degree and type of branching was investigated. The 

surfactants used are listed in Appendix I, which were selected in order to achieve a good 

representation of different chain lengths (from octyl to myristic alkyl chains), head group sizes 

(from small as alkyl sulfate to big as cocoamido propyl) and charge (cationic, non-ionic, 

amphoteric, anionic) and branching degrees (from 0% to 95% branching). The final aim was 

to unravel the mechanism behind surfactant-soil interaction as a function of surfactant and 

polymer chemical structures. 

 

3.2.3 Fabrics pre-conditioning with PEG-POET SRPs and streaming potential 

analysis 

Two types of fabrics with different wettability were selected for our tests: polyester and cotton. 

Polyester is more hydrophobic than cotton10, so it is the substrate of preference of SRPs. Both fabrics 

were purchased from WFK Testgewebe GmbH, cut into 5 × 5 cm2 pieces and they were washed in 

deionizied (DI) water at 60°C for 30 minutes to remove any finish from the fabric production process. 

Stock solution of SRA300F and SRN240 were dissolved in Milli-Q water at 5000 ppm concentration 

(around 1 mM for both the polymers) and then diluted to the required concentration, according to needs. 

The pH of the solution was adjusted by addition of NaOH and HCl (Sigma Aldrich). 

 

For streaming potential analysis, the fabrics were conditioned with SRP solution in a tergotometer 

(Copley Scientific, Nottingham, UK) at 35 ± 1 °C, keeping the ratio of SRP solution to fabric constant 

at a value of 24, which is in line with the normal load for Europe and North America113. Most of the 

tests were carried at an SRP concentration equal to 50 ppm, which represents 1% polymer content in a 

normal washing product. However, for the adsorption isotherms, concentrations of the polymers 
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between 25 and 200 ppm of SRP were used. De-ionized water, agitation speed of 200 rpm and a washing 

pH equal to 8 were used in most of the experiments. Changes in the washing condition were applied to 

assess the effect of parameters, such as pH (pH 4 vs pH 8), agitation speed (100 rpm vs 200 rpm) and 

water hardness (15 dH vs DI). Treated fabrics were dried overnight at (20 ± 2) °C and at a relative 

humidity (RH) of 50%. Samples were analysed by measuring zeta potential at the same pH used during 

pre-treatment of fabrics. A 1 mM solution of potassium chloride (KCl) was used as electrolyte solution 

and a pressure drop between 200 and 600 mbar was applied at the edge of the streaming potential cell. 

Three zeta potential values were measured for each sample (three internal replicates) and then mean 

averaged. Zeta potential data shown are the average of zeta potential values measured on three different 

samples (three external replicates). 

3.2.4 Kinetic analysis of SRP deposition via UV/vis  

The UV/vis measurements were run with a Cary 8454 (Agilent technologies, USA), using a dip probe 

with an optical path of 1 cm. The probe of the spectrophotometer was immersed in the polymer solution, 

in contact with the fabric, and the UV/vis spectrum of the solution between 200 and 600 nm was 

measured. The absorbance of SRP in solution was measured every 5 minutes for a total pre-treatment 

time of 30 minutes, which is the time required to reach the equilibrium of deposition. The amount of 

SRP adsorbed on polyester was measured indirectly from the concentration left in the bulk solution, 

after incubation of the polyester fabric in SRP solution at different washing conditions. As in the case 

of streaming potential analysis, most of the analyses were carried at an SRP concentration equal to 50 

ppm at pH 8 and at 35 ± 1 °C, using an agitation speed of 200 rpm. Changes in washing condition were 

tested by varying pH (pH 4 vs pH 8), agitation speed (100 rpm vs 200 rpm) and water hardness (15 dH 

vs DI). For the adsorption isotherms, concentrations of the polymers between 25 and 200 ppm of SRP 

were used. 

3.2.5 Contact angle measurements of SRP-modified fabrics 

The contact angle measurements were carried with a OCA-200 (Dataphysics, Germany). The 

instrument is equipped with a high speed camera which has a maximum frequency of acquisition of 250 

Hz. This feature is fundamental in the case of fabrics where the water adsorption occurs very rapidly. 
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Contact angle values were measured every 4 ms for a total analysis time of 10 minutes. Stripes of 

untreated or SRP-modified polyester were taped on glass microscope slides without excessive stretching 

of the textile. In the case of SRP-modified polyester, a polymer concentration of 50 ppm was used to 

wash the fabrics in tergotometer before measuring contact angle. A temprature of 35 °C, an agitation 

speed of 200 rpm and DI water were used as experimental conditions.  Contact angle values were 

measured for water (surface tension γw = 72.80° @20 °C, drop volume  12.5 μL), using a dispensing 

speed of 2 μL/s. At least 10 measurements were collected for each samples and averaged. 

3.2.6 Analysis of fabrics via scanning electron microscopy 

Scanning electron microscopy (SEM) was used to analyse fabrics with and without pre-conditioning of 

SRPs. Fabrics were pre-treated using an SRP concentration of 50 ppm at 35 °C in DI water, using an 

agitation speed of 200 rpm in tergotometer. Fabrics were dried overnight, cut in small pieces (about 0.5 

× 0.5 cm2) and they were metallized via deposition of palladium, as the SRP pre-trated samples showed 

high charging behaviour when metalization was not used. The metalization was performed via electron 

beam deposition of palladium on the substrate. The images were taken with the help of Dr. Cinzia Di 

Franco, based in the Istituto di Fotonica e Nanotecnologie, CNR (Bari). 

The SEM instrument used is a Field Emission Zeiss ΣIGMA (Jena, Germany, tension 3 kV; emission 

120 μA). The SEM images were used to estimate the surface roughness of the polyester before and after 

the SRPs deposition. This was done by using the software Gwydion 2.5.3 which uses a series of 

mathematical algorithms to evaluate a roughness index associated to the image that has been processed, 

as explained in section 2.5.  

3.2.7 Diffusion nuclear magnetic resonance experiments 

Diffusion NMR experiments were run in collaboration with Gabriele Cimmarusti, Ph.D. student based 

in the University of Birmingham. Polyester fabrics (5 × 3 cm2) untreated and pre-treated with SRPs at 

a concentration of 50 ppm were dipped in water at 15 dH. Excess of water was removed and the fabrics 

were folded and inserted in 10 mm NMR tubes. The diffusion NMR experiments were performed using 

a Bruker Avance Neo spectrometer with a 11.74 T vertical bore magnet. Sample temperature was fixed 
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at 25 °C and controlled by a chiller BCU-II unit and a probe heater. Typical parameters used in these 

experiments were: δ = 1 ms and γ = 2.67 108 s-1T−1. 1H NMR diffusion measurements were performed 

by applying a pulsed gradient stimulated echo sequence (PGSTE). An observation time, Δ, between 10 

and 2000 ms was used, using a repetition time of 2s, and the signal attenuation as a function of magnetic 

gradient field strength was obtained. Echo attenuation data were fit to the minimum number of diffusion 

coefficients by using the Stejskal-Tanner equation114 (equation 29) and two diffusion coefficients were 

found. M1 and D1 are the weight and restricted diffusion coefficient of free water, whereas M1 and D1 

are the weight and restricted diffusion coefficient of water experiencing restricted diffusion.  

3.2.8 Surface area analysis via Brunauer-Emmett-Teller method 

Physisorption isotherms were collected for untreated and SRP-treated polyester in BET using nitrogen 

and carbon dioxide as gas for the analysis. The samples have been analysed with the help of William 

Caufield (Scientist) and Simon Greener (Senior scientist), both based in P&G Newcastle Innovation 

Centre. The samples were cut in small pieces (about 3 x 3 mm2) and loaded in physisorption tubes. Each 

tube was mounted in a degasser unit, where the tube is evacuated, reaching a pressure of 10 mmHg. 

The samples were degassed at 40°C overnight, as polymer melting (SRN240) or glass transition 

(SRA300F) were observed in the DSC thermograms for the two polymers for a temperature above 50 

°C (Appendix II). For BET analysis, untreated and SRPs treated fabrics were cut in small pieces. The 

sample was then loaded for the analysis and was cooled down with liquid nitrogen. The absolute 

pressure was increased until 100 kPa and the mass of gas adsorbed across time was measured. The 

resulting isotherm was analysed using the software MicroActive for the analysis, the exact mass of the 

dried sample was added as input and the adsorption isotherms were fitted by using the Brunauer–

Emmett–Teller (BET) and Barrett, Joyner and Halenda (BJH) models. The BET is the most common 

model used for analysis of micro- meso- and macro-porous materials115,116, whereas BJH model is one 

of the most used for mesoporous materials, if the mesoporous are bigger than 10 nm. 117 
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3.2.9 Surface tension measurements of polymer-surfactant solutions 

Surface tension values of surfactant solution were measured with a tensiometer K100 (Kruss, Germany) 

both for pure surfactant solutions and for surfactant solutions in combination with SRPs. A stock 

solution of each surfactant at 3000 ppm was prepared by dissolving the surfactant in DI water. The 

stock solution was then diluted with DI water to the desired surfactant concentration, varied between 5 

and 3000 ppm, and surface tension was measured for pure surfactant solution at each of the 

concentrations prepared.  Stock solutions of SRPs were prepared by dissolving SRA300F and SRN240 

in DI water. The SRP stock solution was diluted by adding surfactant solutions and DI water to address 

a final SRP concentration of 50 ppm, where the surfactant concentrations analysed in combination with 

SRPs were the same analysed for pure surfactant solutions. All the measurements were collected in 

replicates at 25 °C and the resulting values were averaged.  

 

3.3 Thermodynamic and kinetic of deposition of PEG-POET 

SRPs  

3.3.1 PEG-POET SRPs deposition at pH 8 

The results of streaming potential analysis for untreated and SRP-treated polyester are shown in Figure 

22. A typical value of zeta potential for untreated polyester was found to be between −60 and −65 mV, 

which is in agreement with literature.118 The negative charge has been previously associated with 

adsorption of OH− ions on the surface of the polyester fiber.119 Increasing pH is found to cause a 

progressive decrease in zeta potential because of the increasing amount of available OH− ions present 

in the bulk electrolyte solution, which consequently increases their absorption on polyester. As 

expected, there is a change in zeta potential when the polyester has been pre-treated with a SRP. 
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Figure 22– Electro-kinetic curves of polyester fabrics in the presence and absence of SRPs. The curve for untreated polyester 
(■) is compared with same material after deposition of SRN240 (▲) and SRA300F (●). Zeta potential values at each pH are 
the result of the average between three replicates for three different samples. 

 

Polyester pre-treated with SRA300F results in a lower value of zeta potential, i.e., shifting the surface 

zeta-potential to a more negative value (around −90 mV).75 This shift is expected, as SRA300F is an 

anionic polymer and, therefore, its deposition on top of the fabric renders the charge on the polyester 

surface to be negative due to the sulfonate groups present in SRA300F. Further evidence of this 

behaviour is indicated in the small variation of zeta potential between pH 6 and 9, given the pKa of the 

polymer expected to be below pH 6. Conversely, SRN240 causes a shift of the zeta potential for 

polyester to less negative values, because of the non-ionic character of this polymer. Hence, the SRN240 

polymer chains are expected to displace the OH− ions adsorbed onto the polyester surface or at least 

decrease their density on the surface with uncharged moieties. Moreover, a progressive decrease of zeta 

potential, with increasing pH, confirms that, for this sample, OH− adsorption on the surface of polyester 

is still the main driver for surface charging. As shown in Figure 22, the two SRPs have an opposite 

effect on the streaming potential, as a result of their different charge nature. There is a shift in the zeta 

potential for the fabrics, after SRP deposition compared to the untreated polyester, and the difference 

in zeta potential is almost the same for both polymers. This might suggest that the two SRPs have the 

same efficiency of deposition. To test this hypothesis, the amount of adsorbed polymer was measured, 

indirectly, by UV/vis. The decrease in absorbance after SRP deposition was used to quantify the amount 
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of SRPs deposited by comparison with calibration curves previously obtained. Results showed that 

about (26.0 ± 0.2) ppm (51.2% w/w) of SRN240 deposited on polyester while only (7.82 ± 0.10) ppm 

(15.6% w/w) for SRA300F, disproving the initial hypothesis. Based on this, it can be concluded that 

the zeta potential shift cannot be used to assess efficiency of deposition, as it strongly depends on the 

charge density of the SRP. In fact, lower amount of SRA300F is deposited, but the difference in zeta 

potential vs untreated polyester is about the same (but with opposite sign) observed for higher amount 

of SRN240. Hence, the negatively charged SRA300F, even at a lower degree of deposition, is sufficient 

to significantly reduce the zeta potential. Conversely, the neutrally charged SRN240 is only able to 

change the zeta potential by a similar amount because of the significantly higher degree of deposition. 

The lower efficiency of deposition of SRA300F can be justified by the less hydrophobic character of 

the SRPs, due to the presence of the sulfonate groups present along its backbone, as well as possible 

electrostatic repulsion between the anionic polymer and the negative surface charge of the polyester 

fabric. 

 

Streaming potential analysis were performed as well on cotton fabrics before and after pre-treatment 

with SRN240 and SRA300F, and are shown in Figure 23. From these data, no significant difference 

can be observed in the zeta potential between SRP-treated samples, and no differences in SRP 

concentration in bulk at the end of the pre-treatment were confirmed via UV/vis (where SRP 

concentration was measured as explained in section 2.3). This might be explained by the lower affinity 

of cotton for POET block adsorption which confirms that this SRP structure is not compatible to 

deposition on natural fibers. 



 

73 
 

 

Figure 23- Electrokinetic curves of cotton fabrics with and without conditioning stage with soil release polymers (1 h, 35 °C). 
The curve for untreated cotton (■) is compared with same material after deposition of SRN240 (▲) and SRA300F (●). Zeta 
potential values are the result of the average between three replicates for three different samples 

 

3.3.2 Kinetic of deposition of PEG-POET SRPs on polyester  

The kinetics of deposition on polyester was monitored both for SRA300F and SRN240 at pH 8. The 

polyester fabrics were washed with SRP solution at 50 ppm and the absorbance of SRP in solution was 

measured every 5 minutes for a total pre-treatment time of 30 minutes, which is the time required to 

reach the equilibrium of deposition. The deposition of a polymer P on a substrate S can be described as 

a first order kinetic process:  

P + S → PS       (49) 

Initially, the polymer is at a concentration P0 equal to 50 ppm, then the polymer concentration in 

solution decreases across time t and reaches a plateau concentration (Psaturation). The rate of deposition 

(k) is equal to the rate of decrease of SRPs absorbance in bulk. Therefore, k is calculated by fitting the 

absorption data to the following equation:  

[𝑃] = [𝑃0] + (𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 − [𝑃0]) × (1 − 𝑒−𝑘𝑡)    (50).  

An example of fitting for SRA300F is shown in Figure 24. 



 

74 
 

 

Figure 24– Fitting of SRA300F concentration in bulk across time via equation 50. The deposition of SRA300F has been run 
on polyester fabrics at pH 8, 35 °C and 200 rpm agitation speed. 

 

Results of the fitting shows that, at pH 8, the rate of deposition of SRN240 is (5.6 ± 0.5) 10–3 s–1, while 

only (3.8 ± 0.7)  10–3 s–1 for SRA300F. The higher rate of deposition SRN240 vs SRA300F is due to 

the higher hydrophobicity of SRN240 and the lack of electrostatic repulsion between SRN240 and the 

surface of the polyester, which is negatively charged. As a result, deposition on polyester is faster for 

the non-ionic SRP SRN240.  

3.3.3 Absorption isotherms of PEG-POET SRPs on polyester  

The adsorption isotherms of the two SRPs to polyester were plotted from UV absorbance data at 

different SRP concentration120–124 and then fit to the Langmuir (equation 47) and Langmuir-Freundlich 

equation (equation 48), as shown in Figure 25.  
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Figure 25 - Adsorption isotherms fittings for SRA300F (left) and SRN240 (right) at pH 8. Estimated fitting parameters 
associated with Langmuir (dashed line) and Langmuir−Freundlich (solid line) models are listed in Table 1. 

  

Table 1 – Fitting parameters obtained by fitting adsorption isotherms for SRA300F and SRN240 on polyester at pH 8 with 
Langmuir and Langmuir-Freundlich models. 

 SRA 300F SRN240 

 Langmuir 

Qsat (mg/g) 1.0 ± 0.3 (7.3 ± 1.1) × 10−1 

K (ppm) (5.0 ± 0.2) × 10−3 (6 ± 4) × 10−2 

 Langmuir-Freundlich 

Qsat (mg/g) (5.3 ± 0.4) ×10−1 (6.0 ± 0.2) × 10−1 

K (ppm)−m (1.6 ± 0.2) × 10−4 (9.0 ± 0.2) × 10−5 

m 2.1 ± 0.4 3.6 ± 0.9 

 

From the fitting, it is clear that the Langmuir-Freundlich model fits the data best and the fitting 

parameters are shown in Table 1. The use of Langmuir-Freundlich models is due to the cooperative 

effect that deposition of polymer chain has on the neighbouring adsorption sites, as shown by the m 

values for both the polymers.  Most likely, the cooperative binding is due to polymer-polymer 

interaction, which promotes the deposition of more SRP when the polymer is already deposited on 

fabric. By comparing the binding affinities for SRN240 (7.5 ± 0.2)  10–2 s–1  and SRA300F (1.6 ± 0.5) 
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 10–2 s–1, it is evident that SRN240 has a higher affinity towards polyester probably because of its non-

ionic charge.  A low concentration of SRN240 is required to saturate the surface of polyester and the 

concentration of saturation is low, which suggests that SRP forms a homogeneous layer on the fabric 

outer surface, thereby locking the pores of the fabric and preventing soil penetration via capillary action.  

 

3.3.4 Effect of water hardness on PEG-POET deposition on polyester 

 

Figure 26 – a) Electro-kinetic curve of polyester fabrics pre-treated with SRN240 (•,∇ ) and SRA300F (▲,■) in DI water (•,■) 
or in water at 15 °dH (∇,▲). Pre-treatment was run for 1 hour at pH 8 and 35 °C, using an agitation speed equal to 200 rpm; 
b) percentage of SRA300F and SRN240  adsorbed on polyester fabrics in DI (patterned) and in 15 °dH water (solid); c) rate 
constant of deposition for SRA300F and SRN240 on polyester in DI (patterned) and in 15 °dH water (solid). 

 

The effect of water hardness on SRPs deposition was investigated by comparing previous results 

(section 3.3.1) to streaming potential and UV/vis data generated for polyester that had been pre-treated 

with SRP in presence of CaCl2∙2H2O, MgCl2∙6H2O and NaHCO3 (total hardness of water was 15 °dH). 
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In Figure 26a, the electro-kinetic curves of fabrics, with and without pre-conditioning with SRPs, are 

shown. There is a large standard deviation associated to the ζ of polyester that had been pre-treated with 

SRN240 in 15 °dH. This is a consequence of the fast and reversible displacement of OH– ions by the 

cations present in the water (Ca2+, Mg2+, Na+), which leads to changes in the ζ measured. Therefore, no 

meaningful differences are observed between the electro-kinetic curve of polyester modified with 

SRN240 in DI or 15 °dH. On the other hand, ζ measured on polyester modified with SRA300F in water 

at 15 °dH is less negative than the ζ measured in DI water, which suggests pairing between the SO3
– 

groups of the polymers and the cations present in the water. The UV/vis data (Figure 26b) show an 

increase of the concentration of SRA300F deposited on polyester when water hardness is used, whereas 

no differences were observed for SRN240. The enhanced deposition of SRA300F is justified by the 

shielding effect of cations on the electrostatic repulsion between polyester and SRA300F, both 

negatively charged, which boosts the deposition of the anionic SRP. Instead, no effect of water hardness 

was observed on the percentage of deposition of SRN240, being non-ionic. For the same reasons, rate 

of deposition increases when conditioning polyester with SRA300F in hard water, whereas the rate is 

not meaningfully changed in the case of SRN240 (Figure 26c). 

 

3.3.5 Effect of agitation on PEG-POET deposition on polyester 

The effect of agitation speed on SRPs deposition on polyester was explored by comparing results at an 

agitation speed of 100 rpm, with those at 200 rpm 75. The zeta potential curves of fabrics pre-treated at 

100 and 200 rpm are similar (Figure 27a) and this suggest that there is no meaningful effect of the 

agitation speed on deposition. Further confirmation is found in the UV/vis data (Figure 27b), being the 

amount deposited at 100 and 200 rpm the same for both polymers. However, agitation does have a role 

on the kinetics of deposition, where a lower deposition rate was found when fitting the data at 100 rpm 

to equation 50. The use of lower agitation speeds decreases the SRPs flow through fabrics, leading to 

lower efficiency of deposition. 



 

78 
 

 

Figure 27 - a) Zeta potential of polyester fabric pre-treated per 1 h at 35 °C with SRA300F (■, ●) and SRN240 (▼, ▶) using 
an agitation speed of 200 rpm (■, ▼) and at 100 rpm (●, ▶) vs untreated polyester (▲). b) percentage of SRA300F and 
SRN240 adsorbed on polyester fabrics using an agitation speed of 200 rpm (patterned) and 100 rpm (solid); c) rate constant 
of deposition for SRA300F and SRN240 on polyester using an agitation speed of 200 rpm (patterned) and 100 rpm (solid). 

 

3.3.6 Effect of pre-treatment pH on PEG-POET deposition on polyester 
 

The deposition of SRPs on polyester was run at pH 4 to assess the effect of low pH on efficiency of 

deposition. At acidic pH (eg. pH 4), polyester has a lower negative charge due to the lower amount of 

OH− available. The polyester is more similar to cotton at pH 4, as its zeta potential is about −27 mV (in 

line with literature values125), and, as such, it appears to be more hydrophilic. As in the case of pH 8, 

the two polymers cause a shift in opposite direction of the zeta potential due to their different charge 

and the difference in zeta potential compared to untreated polyester is almost the same both for 

SRA300F and SRN240 (Figure 28a). The amount of SRPs deposited was quantified via the use of 

UV/vis (as explained in section 3.2.4) and results showed that about (22.2 ± 0.5) ppm (44 % w/w) of 

SRN240 deposited on polyester while (17.2± 0.2) ppm (34.39 % w/w) for SRA300F (Figure 28b). It 
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can be concluded that at pH 4 the amount of SRA300F deposited increases but the amount of SRN240 

deposited reduces at pH 8. Changes in the percentage of deposition can be explained by considering the 

higher hydrophilicity of polyester at this pH, which results in a higher affinity of SRA300F to the 

surface because of the sulfonate hydrophilic groups. On the other hand, the higher hydrophobicity of 

SRN240 leads to a reduced deposition compared to the same polymer at pH 8. From a kinetic point of 

view (Figure 28c), the rate of the deposition is improved at pH 4 for both the polymers, with higher 

boosting effect on the anionic SRA300F. The increase in rate of deposition for SRA300F at pH 4 is 

linked to the lower electrostatic repulsion towards the surface of polyester at this pH, due to the lower 

negative charge of polyester. Instead, the increased rate for SRN240 is less obvious and is probably 

related to the lower number of OH- ions which are present on the polyester surface and which have to 

be displaced ahead of deposition of SRN240.  

 

Figure 28 - a) Zeta potential at pH 4 of polyester fabrics in the presence and absence of SRPs. The value of zeta potential at 
pH 4 for untreated polyester (black) is compared with same material after deposition of SRN240 at pH 4 (red) and SRA300F 
at pH 4 (green). Zeta potential values are the result of the average between three replicates for three different samples; b) b) 
percentage of SRA300F and SRN240  adsorbed on polyester when the pre-treatment is run at pH 8 (patterned) and pH 4 
(solid); c) rate constant of deposition for SRA300F and SRN240 on polyester when the pre-treatment is run at pH 8 (patterned) 
and pH 4 (solid). 
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Figure 29 - Adsorption isotherms fittings for SRA300F (left) and SRN240 (right) at pH 4. Estimated fitting parameters 
associated with Langmuir (dashed line) and Langmuir−Freundlich (solid line) models are listed in Table 2. 

 

Differences in the deposition of SRPs on polyester, at pH 8 and pH 4, were confirmed by comparing 

the adsorption isotherms for the two polymers. Both at pH 8 (Figure 25) and 4 (Figure 29), the 

Langmuir-Freundlich model fits the experimental data best, confirming the heterogeneity of the 

deposition sites on the surface of the fabric. Moreover, by comparing the fitting parameters obtained 

for the two models (Table 2), at the two values of pH, it is evident that lower pH values lead to a lower 

affinity for the polyester with the non-ionic SRN240, whereas it enhances the deposition of the anionic 

SRA300F.The affinity constants for the two polymers can be calculated as mth root of the fitting 

parameter K, found by fitting the data to equation 48. The affinity constant of SRN240 towards polyester 

decreases from (9.0 ± 0.2) × 10−5 at pH 8 to (2.5 ± 0.2) × 10−5 at pH 4, reflecting lower affinity of 

SRN240 to the polyester, which is more hydrophilic at this pH. Instead, the binding constant of 

SRA300F significantly increases from (1.6 ± 0.2) × 10−4 to (3.8 ± 2) × 10−2 at pH 4, which confirms 

lower electrostatic repulsion between the polymer and the fabric surface at low pH. Furthermore, the 

heterogeneity index m for SRA300F moves from 1 (pH 8) to 0.5 (pH 4). The decrease in m as the pH 

decreases suggests that there is negative cooperativity in the deposition of SRA300F chains on the 

polyester, which means that binding of SRA300F to polyester surface is more difficult when SRP is 

already bound to the polyester, probably as a consequence of the stronger electrostatic repulsion 

between the polymer units. 
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Table 2 - Fitting parameters obtained by fitting adsorption isotherms for SRA300F and SRN240 on polyester at pH 8 and 4 
with Langmuir and Langmuir-Freundlich models. 

 SRA 300F SRN240 

 Langmuir 

 pH 8 pH 4 pH 8 pH 4 

Qsat (mg/g) 1.0 ± 0.3 0.68 ± 0.05 (7.3 ± 1.1) × 10−1 1.5 ± 0.4 

K (ppm) (5.0 ± 0.2) × 10−3 (25 ± 6) × 10−3 (6 ± 4) × 10−2 (4.1 ± 1.4) × 10−3 

 Langmuir-Freundlich 

 pH 8 pH 4 pH 8 pH 4 

Qsat (mg/g) (5.3 ± 0.4) ×10−1 1.41 ± 0.17 (6.0 ± 0.2) × 10−1 0.75 ± 0.06 

K (ppm)−m (1.6 ± 0.2) × 10−4 (3.8 ± 2) × 10−2 (9.0 ± 0.2) × 10−5 (2.5 ± 0.2) × 10−5 

m 2.1 ± 0.4 0.5 ± 0.3 3.6 ± 0.9 1.9 ± 0.2 

 

 

3.4 Hydrophilization of polyester via PEG-POET SRPs 

The contact angle of water, on untreated and SRP-treated polyester, was measured across time. In Figure 

30a, a comparison between the initial contact angle of polyester and SRP-treated polyester is shown. 

The initial water contact angle (WCA)  of untreated polyester was found to be 117 ° (Figure 30b), which 

is in line with literature values126 and confirms the hydrophobicity of PET. The initial contact angle of 

water on polyester changes dramatically when SRPs are deposited, confirming hydrophilization of 

polyester due to the surface modification. Between the two SRPs, SRN240 leads to a lower initial WCA 

than SRA300F. Moreover, a faster decrease of contact angle value across time and lower wicking time 

were observed on polyester modified with SRN240, which suggests that SRN240 hydrophilizes 

polyester more than SRA300F. Indeed, the non-ionic SRP increases the wicking speed of polyester 

three times more than the anionic SRA300F, despite the lower hydrophilicity due to the absence of 
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sulfonate groups, and this can be justified by the higher efficiency of deposition of SRN240 on 

polyester. 

 

  

Figure 30 – a) initial water contact angle for untreated polyester and polyester treated with SRA300F and SRN240. The contact 
angle measurements were run using DI water, dispensed with a dosing rate of 2 μL/s and with a drop volume of 12.5 μL. The 
measurements were run at 25 °C under humidity control. b) diagrammatic representation of water contact angle measured 
across time for untreated and SRPs treated polyester. The values are an average of 10 replicates and a fast speed camera was 
used, using 250 Hz as frequency of acquisition. c) wicking and wetting speed of water by untreated and SRPs treated polyester, 
obtained as absolute value of the slope in the linear fitting of the contact angle vs time plot. 

 

3.5 Effect of PEG-POET SRPs on surface roughness 

SEM pictures of untreated and SRP-modified polyester were acquired after metallization with 

palladium. Differences in fabric morphology were observed, even at low magnification (Figure 31), 

with a change of roughness of the fibre surface versus unmodified polyester. However, in the same 

picture some nonhomogeneous areas were detected, probably due to unmodified areas of the fabric. The 

deposition seemed more homogeneous on the fibers for SRA300 (Figure 31e), which suggests that 
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SRA300F is forming a film on top of the polyester, whereas SRN240 might penetrate inside the pores 

of the fabric. This hypothesis might justify why SRN240 induces a higher wicking speed than SRN240, 

as shown in section 3.4.  

 

 

Figure 31 - SEM images of untreated and SRP-modified polyester at 10000× (a, c, e) and 50 000× (b, d, f) magnification. 
Figures represent untreated polyester (a, b) and polyester pre-treated with SRA300 F (c,d) and SRN240 (e, f). In all cases 
fabrics have been metalized by electron-beam deposition with palladium. 

 

Figure 32 – 3D top view (a,b,c), tresholded image (d,e,f) and Fourier transform (FFT, g,h,i) of the SEM picture for untreated 
polyester (a,d,g) and polyester modified with SRA300F (b,e,h) and SRN240 (c,f,i) 
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An estimation of the surface roughness was performed by processing the images at 50000 

magnification with the software Gwydion. Changes in the value of root mean square deviation (Rq) 

confirmed that the SRP deposition had occurred. The Rq value for polyester (calculated by equation 26) 

is 8.2 ± 0.7, which is lower than the Rq values found for polyester modified by polymer deposition (Rq 

=14 ± 3 for SRA300F and 10.2 ± 1.4 for SRN240). Therefore, an increase in the surface roughness is 

observed when the polymer is deposited on the polyester. Moreover, the higher Rq values for SRA300F 

vs SRN240 seems to confirm that SRA300F sits on the surface of the polyester, whereas SRN240 

penetrates inside the pores. In Figure 32e and 32f it is possible to identify darkest and lightest regions 

on the fabric surface, which represent hard and soft domains of the polymers. The PEG blocks are the 

soft domains, visible as lighter regions in the picture, whereas the POET blocks are the hard domains, 

which have the tendency to separate in structures that are more compact (darker areas). A phase 

separation can be observed on the surface, as the hard and soft block follows a pattern in which 

characteristic length scales can be observed on the polyester. This can be better assessed analysing the 

Fourier transforms of the surfaces from the SEM images. The FFT of SRPs treated fabrics show some 

concentric rings that suggest that the pattern of the polymer is isotropic and that a short-range order and 

a long-range order can be observed. 

3.6 Effect of PEG-POET SRPs on water diffusion 

Untreated and SRP-treated polyester fabrics were analysed using diffusion NMR experiments. The 

signal attenuation, as a function of gradient strength (as explained in section 3.2.7), were fitted to the 

Stejskal-Tanner equation114 (equation 29). Two diffusion coefficients were found and their trend versus 

observation time is presented in Figure 33.  
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Figure 33 – Self-diffusion coefficients of bulk water (b) and restricted-diffusion water (a), measured by diffusion NMR. The 
measurements were run at 25 °C on fabrics previously wet with 15 °dH water. The percentages of contribution for each self-
diffusion coefficient are expressed in table 3. 

  

Table 3 – Relative contributions for each diffusion coefficient of a fraction of a molecule, diffusing as restricted water (M1) 
or as free water (M2) for polyester, with and without polymer conditioning. 

 Polyester SRN240 SRA300F 
Δ (s) D1  

(10-9 m2/s) 
D2  

(10-9 m2/s) 

M1 M2 D1  
(10-9 m2/s) 

D2  
(10-9 m2/s) 

M1 M2 D1  
(10-9 m2/s) 

D2  
(10-9 m2/s) 

M1 M2 

0.02 1.90 0.52 0.92 0.08 1.93 0.54 0.92 0.08 1.96 0.56 0.93 0.07 
0.05 1.78 0.38 0.92 0.08 1.83 0.40 0.91 0.09 1.88 0.44 0.93 0.07 
0.1 1.66 0.33 0.92 0.08 1.75 0.37 0.90 0.10 1.79 0.37 0.93 0.07 
0.2 1.54 0.31 0.90 0.10 1.66 0.36 0.88 0.12 1.70 0.36 0.93 0.07 
0.5 1.42 0,31 0.86 0.14 1.53 0.34 0.84 0.16 1.62 0.39 0.89 0.11 
1 1.34 0.26 0.83 0.17 1.42 0.28 0.82 0.18 1.57 0.38 0.86 0.14 
2 1.31 0.24 0.78 0.22 1.36 0.24 0.78 0.22 1.56 0.36 0.82 0.18 

 

Diffusion coefficient D2 is expected to be associated with water that is diffusing in the space between 

the yarns of polyester, as it has a comparable value for D as bulk water127,128. The second diffusion 

coefficient, D1, is due to water that is restricted by the structure of the fabric129. Focusing on a single 

observation time (e.g.  = 0.05 s), it can be seen that the restricted diffusion coefficient (D1 = 0.38 × 

10–9 m2 s–1) is lower than the diffusion coefficient of bulk water (D2 = 1.78 × 10–9 m2 s–1). This means 

that the water is not able to move further than the confined region and it appears to have a slower 

diffusion coefficient.  The area accessible to the diffusion of the water is smaller and the displacement 

of molecules is smaller, as a consequence. In Figure 33, values for D1 and D2 are plotted as a function 

of the observation time for samples with and without pre-conditioning with SRPs. A decrease in 

diffusion coefficient with observation time was found, which is typical of porous substrates, where 

restricted diffusion occurs.130  In the case of self-diffusion coefficient of bulk water (D2), it can be 



 

86 
 

observed that the reduction in diffusion coefficient is more rapid or untreated polyester than polyester 

modified with SRA300F and SRN240. This confirms that an hydrophilization of the sample occurs 

when polymers are applied, as it is known that hydrophilic substrates lead to slower short-time dynamics 

of water molecules131. In Figure 33a, D1 approaches an asymptote for SRA300F more rapidly, with 

increasing observation time, than SRN240. Also, the value of D at the plateau is higher for polyester, 

which might be a consequence of a slower rate of exchange between free water and restricted-diffusion 

water. These observations for SRA300F suggests that water is unable to penetrate inside the fabric 

mesoporous structure. The more restricted the diffusion coefficient observed for SRA300F is consistent 

with the formation of a polymer film that covers the polyester surface, as confirmed by the SEM images 

(section 3.5). In the case of SRN240, the restricted diffusion coefficient is similar to the one measured 

for SRA300F at short Δ, reflecting the presence of restricted diffusion due to pore occlusion by the 

polymer. However, at higher observation times the restricted diffusion coefficient is equal to the one 

measured for polyester. Considering that there is an exchange between water diffusing as free water 

and water experiencing restricted diffusion, this suggest that SRN240 fills the pores in the fabric, but 

does not saturate all the pores because of the low concentration of polymer used in the pre-treatment. 

As a result, at large observation times the diffusion of water in the unclogged pores is measured and, 

therefore, D1 is the same observed for untreated polyester. This is in line with what observed in SEM, 

where uncovered areas of the fabric were identified in the case of SRN240. 

 

Further confirmation of the different mechanisms for deposition between SRA300F and SRN240 is 

given by the relative contributions for each diffusion coefficient in the samples analysed. The results 

are listed in table 3, where M2 refers to the diffusion of bulk water and M1 is the weight of the restricted 

diffusion coefficient. It can be seen that M1 and M2 are about the same at all observation times, 

suggesting that there is almost no exchange between the two diffusion domains. As expected, most of 

the water is freely diffusing and has a diffusion coefficient comparable with bulk water. By comparing 

M2 values for polyester, SRA300F and SRN240, it can be seen that the amount of restricted water is 

comparable for polyester and SRN240, indicating the presence of unclogged pores in the case of 
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SRN240 and polyester. Conversely, lower values for M2 are found for SRA300F, and the difference in 

values found for polyester and SRN240 increases with observation time. This observation suggests that 

water diffusion is more restricted in the case of SRA300F, where the polymeric film prevents water 

accessibility to the pore.  

 

 

3.7 Effect of PEG-POET deposition on fabric surface area  

The adsorption isotherms for polyester, with and without pre-conditioning by SRPs, are shown in Figure 

34. Comparing the collected isotherms, with the different IUPAC classified101 adsorption isotherm 

types, it can be seen that the isotherms are closest to type V (section 2.8), as they have a nearly horizontal 

trend across P/P0, which is typical of mesoporous materials. Therefore, this indicates that polyester 

fabrics are mesoporous and their gas adsorption involves the formation of monolayer/multilayer inside 

the pores followed by gas-condensation132. A similar quantity of gas was adsorbed by untreated and 

SRA300F-modified polyesters. However, a lower amount of gas was adsorbed by polyester when 

SRN240 was present, which can be linked to a lower pore volume inside the fabric.  

 

Figure 34 – a) Nitrogen absorption isotherms of untreated polyester (■) and polyester treated with SRN240 (•) and SRA300F 
(▲). The isotherms were collected using a Micromass 2020N after degassing samples at 40 °C overnight. B) surface area of 
the fabrics with and without SRPs pre-conditioning calculated by BET (black, solid) and BJH (black, patterned) models. 
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The surface area (SA) calculated with BET and BJH models are presented in Figure 34a and it can be 

observed that the area estimated by BET model is bigger than the one estimated by BJH model. This 

was expected, as BET model does not take in to account interactions occurring between absorbed 

molecules or heterogeneity of absorption sites133. According to Micromass (Waters Corporation, 

Milford,MA, USA), an accurate measurement of SA requires at least 40 square meters of total surface 

area in the sample, which would have required 100 g of fabrics for each test. However, the sample tube 

was able to host only 10 g of fabrics in our test. As a result, the absolute value of SA and pore size 

cannot be trusted, but a comparison between samples can still be performed.  

 

The SA, calculated by BET and BJH models and shown in Figure 34a, is sensibly small (~0.1 - 0.3 

m2/g). These values were compared to the SA estimation based on fabrics geometry.  A value of SA = 

0.13m2/g was calculated for polyester, assuming a fibre diameter equal to 20 μm, a cross sectional area 

of 314.16 μm2 and a density of the fibre equal to 1.49 g/cm3 (from the manufacturer). It can be seen that 

the calculated area is similar to the value obtained by using the BJH model or from literature36, which 

suggests that this technique works sufficiently well, despite a loss in resolution. SA values were 

compared for untreated polyester and modified-polyesters. Results shown that the lowest SA value was 

obtained for SRN240-modified polyester (0.04 m2/g). This observation is in line with observations from 

the diffusion NMR data, indicating a clogging of the pores by SRN240, which leads to pores that are 

inaccessible to the gas, and hence a lower surface area is detected. The SA for SRA300F (0.08 m2/g) 

was lower than the one of untreated polyester (0.10 m2/g) but higher than the one calculated for 

SRN240. This is surprising, as it would have been expected that the lowest SA is achieved when 

SRA300F is deposited on polyester. This observation can be rationalized by considering that SRA300F 

forms a film onto polyester surface but it has as a low efficiency of deposition. However, further 

investigation is needed to confirm this hypothesis. 



 

89 
 

3.8 SRPs interaction with surfactants in bulk 

Surface tension was measured on surfactant solutions with and without SRPs. The surfactants analysed 

were SDS, AE3S, AO, CapAO, LAS and Isalchem. As shown in Appendix I, AE3S and AO have same 

chain length combination (C12-C14) but different head group charge at pH 8 (AE3S is anionic, whereas 

AO is not charged at this pH). Conversely, AO and CapAO, as well as SDS and AE3S, have same head 

group charge but they differ for the head group size, being the CapAO head group bigger. Moreover, 

the effect of branching was studied by comparing LAS (50% branched alkyl benzene sulfonate) and 

Isalchem (95% branched alkyl sulfate) to SDS.  First, the cmc values for each the surfactant were found 

(Figure 35) and they are shown in table 4. The cmc is lower for surfactants with large head group size 

because of the lower number of surfactant monomers needed to saturate the air/water interface, as 

highlighted by the comparison between AO and CapAO. The cmc decreases as well when using 

branched surfactant (Isalchem vs SDS134), where the steric hindrance due to the lateral branching leads 

to a lower packing at the air/water interface.  

Table 4 – Critical micellar concentration calculated for surfactants analysed in this work. Measurements were run in replicate 
at 25 °C, in DI water and at pH 8. 

Surfactant cmc (ppm) Standard deviation (ppm) 

AE3S 69.71 0.18 

LAS 170.687 0.016 

AO 97.02 0.02 

CapAO 93.08 0.03 

Isalchem 513.799 0.003 

SDS 2348.07 0.05 
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Figure 35 – Surface tension plot versus logarithmic concentration of surfactant for C12-C14 Amine Oxide (pH 8, DI water). 
Measurement were run in replicates at 25 °C via Wilhelmy method. 

 

The comparison between the curves of surface tension for the surfactant alone and in combination with 

SRPs at 50 ppm leads to identify which surfactants interacts with the polymers at this concentration. As 

expected, no interaction was observed between the anionic SRA300F and the negatively charged LAS 

(Figure 36b) and Isalchem (Figure 36c), which is a consequence of the electrostatic repulsion between 

surfactant and polymer55. Surprisingly, the surface tension values for AE3S in the presence of SRA300F 

and SRN240 are higher than the one measured for the surfactant alone (Figure 36a). The surface tension 

values for solution of SRA300F and SRN240 at 50ppm are (60.15 ± 0.12) mN/m and (58.34 ± 0.09) 

mN/m respectively, which are close to the surface tension measured in the case of the AE3S/SRP system 

at the lowest surfactant concentration. Therefore, it can be deduced that initially only SRPs are at the 

air/water interface and then, progressively, also surfactant monomers go at the interface, lowering the 

surface tension. Moreover, the surface tension at the plateau is still higher for the AE3S/SRP system 

versus pure AE3S, which suggest that polymers lie at the air/water interface even after that surfactant 

reaches the cmc. Most likely, no interaction between the polymers and the surfactant can be 

hypothesised as a consequence. As for AE3S, the surface tension measured at low SDS concentration is 

close to the one of pure SRP solution, suggesting the presence of the polymer at the air/water interface 
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(Figure 36f). As the surfactant concentration increases, the surface tension curve becomes closer to the 

one of pure SDS. In the case of SRA300F, the curves of pure surfactant and surfactant in combination 

with SRPs almost overlap, suggesting no meaningful interactions, whereas a very weak interaction is 

found for SRN240, as expected. 

 

Figure 36 – Surface tension plot versus logarithmic concentration of surfactant for AE3S (a), LAS (b), Isalchem (c), AO (d), 
CapAO (e) and SDS (f) at pH 8 in DI water. The measurements were run in replicates for surfactant on its own (□) and in the 
presence of SRA300F (•) and SRN240 (Δ) at 25 °C via Wilhelmy method. 

 

In the case of CapAO (Figure 36e), surface tension of polymer-surfactant mixture is higher than the one 

of pure surfactant solution. In this case, differences were observed between SRA300F and SRN240. 

For SRN240, the curve in combination with the SRP overlaps with the one of CapAO after the cmc of 
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the surfactant, which indicates that the higher surface tension is due to the presence of the SRP at the 

air/water interface but there is no interaction between the surfactant and the polymer, as expected in the 

case of non-ionic polymer and not-charged surfactant135. Instead, an inflection point was found in the 

case of SRA300F for a CapAO concentration of 40 ppm (cac of our system), suggesting the absorption 

of surfactant hemimicelles along the polymer chain. The psp, which is the surfactant concentration at 

which all the available domains of the polymer are saturated by the surfactants, is close to the cmc of 

pure surfactant. This is a consequence of the weak interaction between an anionic polymer and a non-

charged surfactant. A similar scenario was observed when combining LAS and SRN240. In this case, 

the surface tension in presence of the SRP is lower than the value of surface tension measured for the 

surfactant alone, which reflects an interaction between the surfactant and the polymer54,136. The cac for 

a mixture of LAS-SRN240 was found to be 50 ppm, while the psp is reached for a LAS concentration 

equal to 125 ppm. After the psp, an increase of the surface tension values as surfactant concentration 

increase was found and the curve overlaps to the one of pure LAS for a high surfactant concentration. 

This is driven by saturation of air/water interface with LAS monomers and LAS micelles formation. 

No interaction was observed between the SRN240 and AO, as they are both not electronically charged, 

whereas AO interacts with SRA300F. The interaction starts around 50 ppm, as in the case of CapAO, 

due to the similar structure of AO and CapAO. The last case is represented by Isalchem, which does 

not interact either with SRA300F and SRN240. This result was expected for SRA300F, as both 

surfactant and polymer are negatively charged. However, a weak interaction would have been expected 

for the non-ionic SRN240. An explanation of this behaviour can be given by the high branching level 

of Isalchem which inhibits the formation of the surfactant hemimicelles along the polymer chain. 

 

3.9 Conclusions 

In this chapter, an understanding of the efficiency of deposition on cotton and polyester for PEG/POET 

SRPs as a function of pH, water hardness, agitation and SRPs concentration was found. Use of 

streaming potential and UV/vis measurements highlighted that SRA300F and SRN240 are effective in 

modifying polyester but not cotton. SRN240 was found to have a higher deposition efficiency on 
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polyester than SRA300F at pH 8, which is probably related to the electrostatic repulsion between 

polyester and SRA300F, both negatively charged. This hypothesis seems confirmed by the increase in 

amount of SRA300F deposited when water hardness is present, whereas no enhancement in deposition 

was observed for SRN240 in the same conditions. Use of pH 4 during the pre-conditioning of fabrics 

leads to higher amount of SRP deposited on polyester than at pH 8, while no effect of agitation on 

percentage of the two SRPs deposited was found, as expected. 

The kinetics of deposition was assessed by use of UV/vis and results showed that use of pH 4 and higher 

agitation speed during the conditioning of fabrics increases rate of deposition for both SRA300F and 

SRN240. Instead, the presence of hardness in the water only improves the rate of deposition in the case 

of SRA300F, as a consequence of lower electrostatic repulsions between SRP and polyester. 

 

Adsorption isotherms were found to fit a Langmuir-Freundlich model and the binding constants are 

higher at pH 4 than 8, confirming the enhanced deposition at low pH for the two SRPs on polyester.  

 

The contact angle of water on fabrics, with and without pre-conditioning with PEG/POET SRP, was 

measured, highlighting the hydrophilization of polyester as a consequence of SRPs deposition. On the 

same fabrics, SEM showed changes in roughness of the fabric as a consequence of polymer deposition. 

SRA300F was found to form a more homogenous layer when deposited, suggesting formation of a film 

on top of the fabrics, whereas SRN240 exhibits uncovered areas of the fabric, in spite of its higher 

efficiency of deposition. A mechanism based on pore clogging was hypothesised for SRN240, as a 

consequence. The self-diffusion coefficient of water, measured via diffusion NMR, confirmed the 

hypothesis, as a more restricted diffusion was observed on polyester modified via SRA300F, whereas 

a diffusion coefficient closer to untreated polyester was found for SRN240, as some of the pores are 

unclogged and accessible to water.  

The interactions of PEG/POET SRPs with surfactants in bulk was assessed via surface tension 

measurements. Similar interactions were observed between the two SRPs and AE3S and SDS, being 
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SRPs initially at the air/water interface and little by little substituted by surfactant monomers as 

surfactant concentration increases. No interaction between SRPs and surfactants was hypothesised in 

this case. In the same way, no interaction was found to occur between Isalchem and SRA300F and 

SRN240. Instead, LAS showed interactions with SRN240 but not with SRA300F, as expected in the 

case of an anionic surfactant-anionic polymer system. Conversely, the amphoteric AO and CapAO, 

which are not-charged at the pH of analysis, showed interaction with SRA300F, whereas no meaningful 

interaction was found with SRN240.  
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Chapter 4. PEG-4-MEMA/METAC SRPs 

4.1 Introduction 

In Chapter 3, the mechanism behind the deposition of PEG-POET SRPs was investigated, highlighting 

the effect of water hardness, agitation speed and pH on efficiency of deposition of SRPs on polyester. 

It was found that this class of SRPs is not suitable to modify cotton fabrics, probably as a consequence 

of the high hydrophobicity of the polymers or electrostatic repulsion between cotton surface and the 

polymer, in the case of anionic SRP. Therefore, an alternative class of SRPs, which can deposit on 

cotton, was investigated. Polyethylene glycole-4-Methoxyethyl methacrylate/ 2-(Methacryloyloxy) 

ethyl trimethylammonium chloride (PEG-4-MEMA/METAC) SRPs are positively charged, which 

suggests that they may deposit on cotton as a consequence of electrostatic attraction to the hydroxyl 

groups present in cotton. 

In this chapter, streaming potential was used to assess the deposition of PEG-4-MEMA/METAC SRPs 

on cotton and polyester, as a function of pH. When deposition occurred, an estimation of the efficiency 

of deposition of each SRP on fabrics was made via thermal gravimetric analysis, as a means of judging 

the effect on deposition of different ratios of PEG-4-MEMA and METAC. As in the case of PEG-POET 

SRPs, the interactions between PEG-4-MEMA/METAC SRPs and some common surfactants were 

investigated in bulk via surface tension measurement. The final aim of these measurements was to 

assess which SRPs have higher chance to interact with surfactants during the wash. 

4.2 Experimental 

4.2.1 Polyethylene glycole-4-Methoxyethyl methacrylate/ 2-(Methacryloyloxy) 
ethyl trimethylammonium chloride soil release polymers 
 

The second class of SRPs analysed in this works is obtained by copolymerization of poly (ethylene 

glycol) methyl ether methacrylate (PEG-4-MEMA) and [2-methacryloxy]ethyl] trimethyl ammonium 

chloride (METAC) block copolymer structure (Figure 37a) and they are commercialized as Sokalan 

polymers from BASF (Germany).  The structure feature of the three polymers used in this work is 
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presented in Figure 37b, where it could be observed that 65/35 PEG-4-MEMA/ METAC (listed as A in 

the table) and 40/60  PEG-4-MEMA/ METAC with low molecular weight (listed as B in the table) have 

similar molecular weight, but they differ because of the different ratio between the two blocks, being A 

more hydrophobic than B. On the other hand, PEG-4-MEMA/ METAC with high molecular weight 

(listed as C in the table) has the same ratio between the two monomers but higher molecular weight 

than B. 

 

Figure 37 – a) chemical structure of poly (ethylene glycol) methyl ether methacrylate (PEG-4-MEMA) and [2-
methacryloxy]ethyl] trimethyl ammonium chloride (METAC) used as monomers for the synthesis of the block copolymers 
analysed in this work. b) Molar ratio between the PEG-4-MEMA and METAC content and molecular weight of the three 
polymers analysed in this work.  

 

4.2.2 Fabrics pre-conditioning with PEG-4-MEMA/METAC SRPs and streaming 

potential analysis 

Swatches of polyester and cotton, purchased from WFK Testgewebe GmbH, were pre-treated in a 

tergotometer with SRPs solution at 35 °C, keeping the ratio of polymer solution to fabric equal to 24. 

The SRPs solutions were prepared by dilution of a stock solutions of SRP A, B and C at a concentration 

of 5000 ppm in Milli-Q water. A final SRP concentration of 50 ppm was used for conditioning the 

fabrics and the pH was adjusted by adding HCl or NaOH. The SRPs-treated fabrics were dried overnight 

at (20 ± 2) °C and at a relative humidity (RH) of 50%. Polymer concentrations between 10 and 200 ppm 

were used to assess the effect of SRP concentration on the surface zeta potential of polyester, as done 

for PEG-POET SRPs (section 3.3.3).  

Polyester and cotton fabrics, cut in 5 × 5 cm2 pieces and washed in DI water at 60 °C for 30 minutes, 

were washed with SRPs solution in tergotometer. The conditions of the pre-treatment were the same 

used for PEG-POET SRPs (section 3.2.3), where an agitation speed of 200 rpm and 35 °C were used 

for all the tests. The effect of pH on deposition was assessed by using pH 4 and pH 8 during polyester 
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pre-conditioning. For the adsorption isotherms, concentrations of the polymers between 25 and 200 

ppm of SRP were used. For streaming potential analysis, the conditions used were the same used for 

fabrics pre-treated with PEG-POET SRPs (section 3.2.3). 

4.2.3 Thermal gravimetric analysis of fabrics 

A Perkin Elmer Pyris 1 TGA was used for running thermal gravimetric analysis of SRP samples and of 

polyester fabrics. In the case of TGA analysis of pure polymer, 5 mg of SRP were weighted in the 

platinum pan. Instead, for TGA analysis of fabrics, swatches of polyester, previously washed with SRPs 

solution at 50 ppm at pH 8 (as explained in section 4.2.2), were cut in small pieces (about 0.5 × 0.5 

cm2) and placed in a desiccator overnight. The samples were transferred to a platinum pan, which was 

then inserted in the furnace of the TGA instrument and a nitrogen flow of 20 mL/min was used to fill 

the furnace. The initial weight of the sample was measured, where the mass used for the analysis was 

usually around 5 mg, and a thermal ramp was applied. For our tests, a ramp from 30 °C to 700 °C was 

applied, using a heating rate of 10 °C/min.  The software used for analysing the TGA data was Pyris.  

4.3 Deposition of PEG-4-MEMA/METAC SRPs  

4.3.1 Streaming potential measurements of fabrics modified via PEG-4-

MEMA/METAC block copolymers at pH 8 

Streaming potential measurements of untreated and SRPs-treated polyester fabrics are shown in Figure 

38 and a shift of the zeta potential (ZP) of the polyester to positive values was found when the SRPs 

are present (Figure 38). This shift indicates that deposition of PEG-4-MEMA/METAC block 

copolymers occurs on polyester. Sign reversal for zeta potential values was measured on SRP-treated 

polyester which is in line with literature137, where positive surface charge is expected even for low 

concentration of cationic actives on hydrophobic surfaces because of their high deposition. The zeta 

potential of SRPs in solution was measured via light scattering and it was found to be (18.0 ± 0.4) mV 

for A, (18.8 ± 0.5) mV for B and (15.0 ± 0.2) mV for C. Since all the analysed PEG-4-MEMA/METAC 

polymers are positively charged, the efficiency of deposition can be determined by comparing the 

surface zeta-potential of the fabrics with the zeta-potential for the SRP in solution. The closer the two 
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values of zeta potential, the higher the efficiency of deposition. By comparing zeta potential in solution 

and on fabrics, it was found that polymer B (ZP = 16 mV) has the best efficiency of deposition among 

the analysed SRPs, followed by polymer C (ZP = 7 mV) and polymer A (ZP = 9 mV). This suggest that 

a better efficiency of deposition is achieved for higher content of METAC, probably because a 40:60 

ratio for PEG-4-MEMA:METAC leads to the optimum hydrophobicity for depositing onto a polyester 

surface.  

 

Figure 38 - Zeta potential values of polyester fabrics untreated or pre-treated with SRPs at pH 8 in tergotometer (solid fill). 
The values are the average between three replicates for three different samples. The surface zeta potential of the fabrics is 
compared to the zeta potential of the SRPs in solution in the same condition (patterned bars).  

 

Deposition of PEG-4-MEMA/METAC block copolymers on cotton was investigated via streaming 

potential analysis of untreated and SRP treated cotton in order to compare the results with deposition 

data on polyester. Cotton has hydroxyl groups which are expected to induce electrostatic attraction 

between the fabric surface and the cationic SRPs, leading to deposition. However, very small 

differences were observed between the zeta potential values of untreated cotton and SRPs-treated cotton 

both at pH 4 and pH 8 (Figure 39). This suggests that there is poor deposition of these class of SRPs on 

cotton, probably because of the hydrophobicity of the polymer due to the PEG-4-MEMA content. 
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Figure 39 – Zeta potential values of untreated and SRPs-modified cotton (solid fill) at pH 4 (on the left) and pH 8 (on the 
right). The values are the average between three replicates for three different samples. The surface zeta potential of the fabrics 
is compared to the zeta potential of the SRPs in solution in the same condition (patterned bars).  

 

As already shown for PEG-POET SRPs in section 3.3.1, an estimation of the amount of the polymer 

deposited onto polyester has to be done to confirm the hypothesis about the effect of METAC content 

on deposition. However, PEG-4-MEMA/METAC polymers are not UV/vis active, therefore the 

absorbance in solution cannot be used to indirectly quantify the amount deposited. For charged SRPs, 

the depletion in solution conductivity can be used to quantify the amount of polymer deposited on 

fabrics. Notwithstanding, conductivity measurements are challenging in this case as fabrics release 

fibres and fabric-finishes during the pre-treatment, even after fabric boiling step. Background 

conductivity measured on pure polyester was found not constant, as it depends on the specific piece of 

fabric used in the pre-treatment, therefore it cannot be subtracted from the overall measurement. As a 

result, an alternative way to estimate the amount of polymer deposited on the fabric was found which 

is based on the use of TGA. 

4.3.2 Thermal gravimetric analysis of polyester modified with PEG-4-

MEMA/METAC block copolymers 

The thermal gravimetric analysis (TGA) were initially performed on untreated polyester, and the 

resulting thermogram is shown in Figure 40a. A step in the thermogram corresponds to a mass loss as 

result of temperature increase. In the case of untreated polyester, a single mass loss was observed in the 

thermogram, which corresponds to the decomposition of polyester fabric and release of volatile gas, as 

already reported in literature138,139. The temperature of decomposition was found to be 421 °C and the 
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residual weight percentage after decomposition was 15%, both values in line with literature values138. 

The TGA was run on pure SRPs to assess thermal degradation experienced by the polymers in the same 

temperature range (Figure 40b). The thermogram of PEG-4-MEMA/METAC 65:35 (called A, for 

simplicity) shows three mass losses. The first mass loss corresponds loss of water, which was expected 

as the PEG-4-MEMA/METAC SRPs are sold as 40% solution in water. The second mass loss, which 

melting temperature is 285.06 °C, is related to the melting of the METAC blocks 140,141, while the 

melting of the PEG-4-MEMA unit occurs at higher temperature142 (usually methyl methacrylate melts 

around 400 °C).  

 

Figure 40 – a) Thermogram (black) and its 1st derivative (blue) for sample of untreated polyester. The TGA was run in presence 
of nitrogen between 30 and 700 °C using a heating rate of 10 °C/min; b) thermogram (black) and its 1st derivative (red) for a 
sample of PEG-4-MEMA/METAC 65:35. The conditions for the TGA were the same used for polyester. 

 

Table 5 – List of TGA parameters calculated for untreated polyester and for polyester modified with the PEG-4-
MEMA/METAC block copolymers. Melting temperature and mass losses were calculated from the thermograms, while full 
width at half maximum (FWHM) and area were obtained by the 1st derivative of the thermograms. The standard deviation, 
not shown in the table, was always lower than 10%. 

 Tm 1 
°C 

Tm 2 
°C 

Δm1 
% 

Δm2 
(%) 

A1 FWHM1 A2 FWHM2 Ratio 
A2/A1 

Polyester 421 / 84 / 83.98 33.9 / / / 

PEG-4-MEMA/ 
METAC 65:35 

415 587 87 12 83.98 34.18 11.96 52.50 0.138 

PEG-4-MEMA/ 
METAC 40:60 low Mw 

422 599 86.6 12.6 86.40 35.14 12.66 55.88 0.147 

PEG-4-MEMA/ 
METAC 40:60 high Mw 

422 601 86 12.82 85.95 86.45 35.28 12.04 0.140 
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Figure 41  – a) Thermogram of untreated (black) and SRPs treated polyester exposed to a heating ramp between 30 and 700 
°C in presence of nitrogen. b) Magnification of the thermograms at the METAC melting point; c) Magnification of the 
thermograms between 550 and 650 °C, temperature range for the curing of the polyester with SRPs. 

 

The comparison between the thermograms of polyester and SRPs-treated polyester is shown in Figure 

41a. The mass loss occurring at about 420 °C is higher for the fabric pre-conditioned with SRPs 

compared to untreated polyester. This may be explained by suggesting that, perhaps, at this temperature 

both polyester and polymer undergo decomposition, therefore the higher mass loss is related to the 

degradation of both.  Moreover, a small shift of the Tm to lower temperature was observed when the 

polymer is present, which means that the polymer decreases the thermal stability of polyester. However, 

a second mass loss appears in the sample pre-treated with the PEG-4-MEMA/METAC copolymers. As 

this decomposition is not typical of the polymer or of the fabric, we hypothesis that it has to be related 

to the interactions between the polymer and the fabric, where the adsorption of the polymer on the fabric 

leads to easier thermal degradation of the polyester and release of volatile components. This mass loss 

seems to be strictly related to the structure of the SRPs, as both polymer B and C have the same 

decomposition temperature (Figure 41b) which is higher than the one experienced by polyester pre-



 

102 
 

treated by polymer A. A higher Tm 2 was found for SRPs with higher METAC content (B and C) and 

might be related to the lower number of PEG-4-MEMA units involved in the interaction with the 

polyester, resulting in higher thermal stability of the sample. The first derivative of the thermograms 

was calculated to quantify the area associated to each thermal degradation, where the ratio between the 

area associated to the two peaks can be used as a semi-quantitative indication of the amount of polymer 

deposited. The ratio is shown in table 5 and the higher ratio A2/A1 was observed for polyester pre-

treated with PEG-4-MEMA/METAC 40:60 with low molecular weight (B). This output confirms that, 

in line with streaming potential results, polymer B has the highest efficiency of deposition on polyester 

at pH 8 and that C has higher efficiency than A. 

4.3.4 Effect of pH on polyester conditioning via PEG-4-MEMA/METAC block 

copolymers 

Deposition of PEG-4-MEMA/METAC block copolymers onto polyester was carried at pH 4 to assess 

the effect of pH on deposition. The modified fabrics were analysed in streaming potential and zeta 

potential of the fabrics measured at pH 4 was compared to the zeta potential of SRPs in solution at the 

same pH, as shown in Figure 42. The zeta potential measured for polyester pre-treated with SRPs is 

more positive than zeta potential measured in solution for the same polymer. The excess of surface 

charge detected might be related to the change in the SRP conformation when deposition occurs. Indeed, 

SRPs are usually presented as polymer coil in solution, where only few of the positive amine groups 

are exposed, contributing to the zeta potential of the polymer in solution. The deposition of the polymer 

induces an unfolding of the polymer coil, therefore more amine groups are exposed and contribute to 

the zeta potential charge of the treated polyester.  As a result, the surface charge is more positive than 

the zeta potential of the polymer in solution.  
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Figure 42 - Zeta potential values of untreated or SRPs-treated polyester fabric at pH 4 (solid fill). The values are the average 
between three replicates for three different samples. The surface zeta potential values of fabrics are compared to the zeta 

potential of the SRPs in solution in the same condition (patterned bars).  

 

Measurements of zeta potential and size of the polymer in solution at different pH were performed to 

proof this hypothesis and they are shown in Figure 43. It can be seen that the PEG-4-MEMA/METAC 

SRPs experience a change in size in addition to a change in zeta potential as a function of pH, confirming 

that these polymers can uncoil in different conditions.  

 

Deposition was observed for all the SRPs, where A and B have higher efficiency of deposition than D. 

As mentioned before, at this pH the polyester is less hydrophobic, therefore deposition of PEG-4-

MEMA/METAC polymers is most likely driven by the electrostatic attractions between OH- ions on 

polyester and the polymer. As the ZP of SRPs in solution is 23.82 mV for A, 25.47 mV for B and 18.05 

mV for C, the higher efficiency of deposition for A and B can be justified considering a stronger 

electrostatic attraction with polyester surface. 
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Figure 43 – Size (a) and zeta potential (b) of the PEG-4-MEMA/METAC polymers in solution at different pH, measured via 
light scattering. The measurements were run at 25 °C after trimming the solution to the desired pH with NaOH and HCl 0.05N. 

 

4.4 SRPs interaction with surfactants in bulk 

Surface tension measurements were used to assess interactions between PEG-4-MEMA/METAC block 

copolymers and surfactants at pH 8, as shown for PEG/POET SRPs in section 3.4. The surface tension 

of the PEG-4-MEMA/METAC polymers was found to be (58.01 ± 0.11) mN/m for A, (63.78 ± 0.09) 

mN/m for B and (60.51 ± 0.08) mN/m for C, and therefore lower than the one of pure water (72.80 ± 

0.05) mN/m 143. The amphoteric surfactants are expected to interact the least with the cationic polymers, 

as only hydrophobic interactions between surfactant tails and hydrophobic domains of the polymer 

occur in this case. This was confirmed by measuring surface tension of AO and CapAO in combination 

with SRPs. In the surface tension plot of AO (Figure 44d), three main areas can be identified. Initially, 

the surface tension of SRP-surfactant mixture is higher than the one of the pure surfactant, reflecting 

the formation of monolayer of the polymer and surfactant monomers at the air/water interface144. As 

surfactant concentration increases, a decrease in surface tension is observed due to higher number of 

surfactant monomers at the air/water interface. The cac is reached for a surfactant concentration around 

40 ppm for the three SRPs, where the surface tension variation is null or poor due to the interactions 

between the polymer and the new surfactant monomers added. After cac, surface tension decreases and 

reaches the same plateau of pure surfactant system. The psp of the polymer (150 ppm) is slightly higher 

than the cmc of pure surfactant (about 90 ppm), as a higher concentration of surfactant monomer is 

required to form pure surfactant micelles after that mixed polymer-surfactant micelles are formed.  
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Figure 44 – Surface tension plot versus logarithmic concentration of surfactant for AE3S (a), LAS (b), Isalchem (c) AO (d), 
CapAO (e) and SDS (f) at pH 8 in DI water. The measurements were run for surfactant on its own (□) and in the presence of 
PEG-4-MEMA/METAC 65:35 (•) and PEG-4-MEMA/METAC 40:60 low molecular weight (▲) and high molecular weight 
(∇ ).  

 

If combining the SRPs with AE3S (Figure 44a), the surface tension at low surfactant concentration is 

the same of the pure polymer, confirming the presence of a SRP monolayer at the air/water interface. 

The PEG-4-MEMA/METAC 65:35 (A) has the closest surface tension to the surfactant, probably 

because of the lower number of cationic groups presents along the chain, therefore its cac is the latest 

(about 40 ppm). Instead, the interactions with the SRPs with a 60% content of METAC (B and C) occurs 

already at a very low surfactant concentration (15 ppm), as in these cases the number of positively 

charged groups interacting with the surfactant monomers is much higher. The psp is higher for polymer 
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C (150 ppm) than B (75 ppm), probably because C has a higher molecular weight but same ratio between 

the blocks than B, therefore there are more sites where surfactant can absorb along polymer chain.  

Polymer A has the latest psp, as it has a higher content of hydrophobic domains (PEG-4-MEMA) 

available for the interaction with surfactant monomers. 

In the case of LAS (Figure 44b), the initial surface tension of the surfactant-polymer mixture is lower 

than the one of pure surfactant. The interaction between surfactant and polymer occurs at low surfactant 

concentration (cac is lower than 5 ppm, as a plateau in the surface tension is already observed for this 

concentration). An increase in surfactant concentration causes an increase in surface tension, probably 

because of the cooperative nature of the interaction, as in most of the interactions between ionic 

surfactant and oppositely charged SRPs145. The hydrophobic interactions between surfactant tails are 

thermodynamically favoured, therefore more surfactant monomers adsorb when other surfactant 

molecules are already present along the polymer chain. Similarly, surface tension plots of SDS 

combined with PEG-4-MEMA/METAC SRPs (Figure 44e) show initial surface tension values that are 

close to the values expected for solution containing only SRPs, reflecting the presence of the polymers 

at the air/water interface. An increase in surfactant concentration leads to a decrease in surface tension, 

where the delta versus the surface tension of pure SDS solution is related to the strength of the 

interaction between SRP and SDS. In all cases, the surface tension values do not experience significant 

changes between 25 and 100 ppm, suggesting that any addition of surfactant monomers in this range 

reflects in the interaction of the surfactant with the polymer. The cac for the system is therefore lower 

than 25 ppm and its low value suggests strong electrostatic interactions between anionic head of the 

SDS monomers and the positive METAC groups along the polymer chain. For a SDS concentration > 

100 ppm, the surface tension of the polymer-surfactant system increases, probably because all the 

polymer chains present at the air/water interface have interacted with the surfactants in solution. Any 

extra SDS monomers added in the system go at the air/water interface, giving surface tension values 

closer to the one of a pure SDS solution. The psp of SDS was found to be 500 ppm for polymer A and 

C, whereas a SRP concentration equal to 1000 ppm is required to form pure SDS micelles in the case 

of polymer B. The lower psp of A is due to the its zeta potential, which is less positive than in the case 
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of B and C and results in a lower amount of SDS monomers interacting with the SRP. By comparing 

surface tension values of B and C combined with SDS at 50 ppm, C can be deduced to have weaker 

interaction than B with SDS. Indeed, surface tension value of C+SDS is not meaningfully different from 

the one measured for C solutions and the psp is lower.   

In the case of Isalchem, no interaction was observed when the surfactant is combined with polymer C. 

Instead, SDS interacts with A and B at a concentration of the surfactant that is lower than 5 ppm, and 

the polymer-surfactant curve overlap to the curve of pure surfactant for a SDS concentration equal to 

50 ppm for A and 200 ppm for B. Again, the psp of B+SDS system is higher than the psp of A+SDS 

system because of the higher number of cationic groups present in B and that interact with the surfactant 

monomers. 

 

4.5 Conclusions 

In this chapter, streaming potential measurements were used to assess deposition of PEG-4-

MEMA/METAC block copolymers in different conditions. It was found that this class of SRPs 

efficiently deposits on polyester both at pH 8 and 4, whereas no deposition was observed for cotton. 

This suggests that hydrophobic interactions play a meaningful role on deposition of SRPs on fabrics. 

Therefore, no deposition occurs on cotton that is hydrophilic, even if an electrostatic attraction would 

be expected between the anionic groups present on cotton surface and the quaternary ammonium present 

in the SRPs structure. The zeta potential measured at pH 4 on fabrics that had been conditioned with 

SRPs was more positive than the one measured for the same SRPs in solution. This was rationalized as 

a consequence of polymer uncoiling before deposition and exposure of a larger number of positive 

groups than in the coiled form. 

 

TGA was used to analyse polyester pre-treated with SRPs at pH 8 and indirectly compare the efficiency 

of deposition of the PEG-4-MEMA/METAC SRPs. The data collected suggested that B has a higher 
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deposition efficiency than C, which is more efficient than A. As a result, higher METAC content was 

identified as an important parameter for deposition efficiency on polyester.  

 

Surface tension measurements were run to understand how PEG-4-MEMA/METAC SRPs interact with 

different surfactant types. One of the main challenges is due to the absorption of SRPs at the air/water 

interface, which reflects in surface tension values that are closer to the one of a pure SRP solution for a 

low surfactant concentration. Weak interactions were observed between SRPs and amphoteric 

surfactants at pH 8, as expected. The strongest interaction for amphoteric surfactants occurs with C, 

probably as a consequence of the higher content of hydrophobic domains due to its higher molecular 

weight. The comparison between AO and CapAO highlighted that presence of big head most likely 

reduces the interaction with the SRPs, as the surface tension plot of CapAO with A and B overlap with 

the one of pure CapAO for lower surfactant concentration than in the case of AO. 

 

In the case of anionic surfactants, a strong interaction was expected for cationic SRPs. The SRPs 

concentration we looked at were low, as only 50 ppm of polymers were added in the solution. Therefore, 

cmc of the surfactant and cac of the polymer-surfactant system are quite close in most of the cases. 

However, some understanding on the effect of surfactant and polymer structure on the interaction was 

developed. SDS, AE3S and LAS were found to interact with all the SRPs analysed, whereas Isalchem 

did not show any interaction with C.  
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Chapter 5. Soil release and BSA release/repellence of 

fabrics pre-treated with soil release polymers 

5.1 Introduction 

An investigation on the deposition of PEG-POET and PE-4-MEMA/MEETAC SRPs on cotton and 

polyester was carried in Chapter 3 and 4, using streaming potential, UV/vis and thermal gravimetric 

analysis (TGA) as screening tools. The effect of parameters such as pH, agitation speed and water 

hardness on deposition were studied, and the optimal conditions for the deposition of each SRP were 

determined. In Chapters 3 and 4, PEG-POET and PEG-4-MEMA/METAC block copolymers were 

found to efficiently deposit onto polyester at pH 8 and 4, suggesting that they can be used as soil release 

polymers for this fabric. In the case of PEG-POET SRPs, it was found that polymer deposition onto 

polyester leads to an hydrophilization of fabrics, which can translate to a lower adhesion of greasy soil 

onto polyester and an enhancement of soil removal from the fabric surface. In order to assess if polymer 

deposition results in an improvement of grease release, from SRPs-modified fabrics, stain removal tests 

were run on unmodified and SRPs-modified fabrics and the results are presented in this chapter. 

Common hydrophobic stains, such as lard and sebum, were used to stain fabrics after that SRPs were 

deposited and the percentage of soil removed from polyester and cotton was measured via image 

analysis.   

 

Enhanced soil removal from polyester can lead to higher cleaning efficiency24 even in challenging 

washing conditions, such as low temperature and short-cycle washing conditions. However, it can be 

expected that part of the soil will be left on fabric, leading to biofilm growth, as explained in section 

1.2.4. The chances of biofilm growth on fabric surface can be reduced by preventing protein adhesion 

on fabrics. Indeed, the formation of a conditioning film, made of protein, on the fabric surface enhances 

bacterial adhesion and proliferation36. If proteins are repelled or more easily released by fabric surface, 

biofilm growth can be avoided. Therefore, in this chapter, the BSA adhesion and release from 



 

110 
 

unmodified and SRPs modified polyester was tested via streaming potential analysis and bicinchoninic 

acid assay (BCA). The ultimate aim of the study was to assess if the deposition of SRPs on polyester 

can provide benefits on cleaning from enhancing protein release or repellence, or if the resulting 

hydrophilization of polyester has a negative impact on the formation of protein conditioning film and 

on biofilm growth, as a consequence.    

5.2 Experimental 

5.2.1 Soil removal test 

Stain removal indexes (SRI) were evaluated for polyester and cotton fabrics and results are shown in 

this chapter. In all cases, SRI values were determined for untreated fabric and for fabrics pre-treated 

with the different types of SRPs, using an SRP concentration equal to 50 ppm at pH 8 (as explained in 

sections 3.2.3 and 4.2.2). Swatches of untreated and SRP-treated fabrics were sent to Lubrizol 

Advanced Materials Inc. (Netherlands) for circular stain application. Commercially available round 

stains of artificial sebum146, collar and cuff soil and lard147 (Lubrizol, Netherlands) were mixed with a 

purple/red dye and applied on 5 × 5 cm2 squares of polyester and cotton. Collar and cuff soil is an 

artificial body greasy soil that has artificial sebum and particulates (clay, soot, etc.) as its main 

components. It is intended to be representative of soils created from human and external sources, known 

to be a relevant, and hard to remove soil normally accumulating in the collar and cuff. Stain removal 

tests were run in an  automatic tergotometer with addition of a normal laundry detergent formulation at 

25 °C for 20 min at 1800 rpm, followed by a 7 min rinse cycle at 7200 rpm. 

 

5.2.2 BSA deposition on untreated and SRPs-treated polyester via streaming 

potential 

Samples of polyester, previously washed at 60 °C to remove fabric finishes, were cut into 5 × 5 cm2 

pieces and inserted in the cylindrical cell for streaming potential measurements. The initial zeta potential 

of fabrics was measured in presence of pure 1.7 mM KCl (similar ionic strength to PBS), at either pH 

4 or 7.2. PBS solution was prepared by dissolving one PBS tablet (Sigma Aldrich) in DI water. A stock 
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solution of BSA, at a concentration of 10 mg/mL, was prepared by dissolving BSA (heat shock fraction 

at pH 7 from Sigma Aldrich, purity grade ≥ 98%), without excessive stirring, in either PBS or in water 

at pH 4, according to pH needed for testing. The pH was measured and adjusted with NaOH and HCl 

(Sigma Aldrich, solutions at 0.1 M in water). The stock solution of BSA was diluted directly in the 

beaker within the streaming potential instrument and the KCl solution was replaced every time that 

BSA concentration was increased. Solutions, over a range of concentrations of BSA (0.2 – 1 mg/mL), 

were used to pre-condition polyester in the streaming potential, by rinsing the fabrics ten times with 

BSA solution to achieve BSA deposition and sample equilibration. The zeta potential, for each BSA 

concentration, was measured 10 times, the values were mean averaged, and standard deviation was 

calculated. The test was run both at pH 4 and 7.2, to assess the effect of pH on BSA deposition on 

polyester. 

5.2.3 BCA assay for protein deposited on untreated and SRPs-treated polyester 

Polyester fabrics were conditioned with SRPs at pH 4 and 8, using an SRP bulk concentration of 50 

ppm (as explained in sections 3.2.3 and 4.2.2). Fabrics were dried overnight under temperature and 

humidity control (25 °C, 20% RH) and then incubated with BSA. For incubation, a BSA stock solution 

at 10 mg/mL was diluted to a concentration of 1 mg/mL in PBS or water at pH 4. The incubation was 

carried out in 10 mL glass petri dishes, where 0.4 g of each untreated or pre-treated fabric sample was 

incubated with 8 mL of BSA solution at 1mg/mL. The petri dishes were left under agitation at 150 rpm 

overnight. The quantity of BSA deposited on the fabric was measured using the bicinchoninic acid 

assay (BCA), which is an assay for total protein quantification when protein concentration is between 

0.2 and 1 mg/mL. The principle of the method is formation of a complex between cysteine, cystine, 

tyrosine and tryptophan amino acids present in proteins and Cu2+, which is added as CuSO4∙5H2O, 

provided as 1% (w/v) in the BCA kit from Sigma Aldrich. The Cu2+ present in the complex is reduced 

by adding a mixture, provided in the BCA kit, of sodium carbonate, sodium tartrate, sodium bicarbonate 

and bicinchoninic acid at basic pH and incubating at 60 °C. The complex between Cu+ and the protein, 

formed during the incubation, has a violet colour and absorbs at 562 nm. In our test, calibration curves 

of BSA between 0.2 and 1 mg/mL were produced, using incubation times of 30, 45 and 60 mins and 
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trimming the pH to 4 and 7.2. The absorbance at 562 nm was measured after incubation for 30, 45 and 

60 mins and the absorbance values were substituted in the calibration curves to obtain the mass of BSA 

in the sample. Values coming from different incubation times were mean averaged and the standard 

deviation calculated. Three replicates were run for each polymer. 

 

5.2.4 BCA assay for protein released from untreated and SRPs-treated polyester 

A stock solution of BSA at 10 mg/mL was prepared by dissolving pure BSA in PBS or in water at pH 

4 and trimming the pH to the desired values via addition of NaOH and HCl. The stock solution was 

diluted to a final concentration of 2 mg/mL. As from previous test, it was found that, in this condition, 

the quantity of BSA released by the fabric was in the range of 0.5 mg/mL, therefore it was quantified 

via BCA assay. Samples of untreated and SRPs-treated fabrics were prepared and placed on aluminium 

foil, then 2 mL of the BSA solution at 2mg/mL were deposited on each sample via drop casting. The 

samples were left to dry overnight under controlled humidity and temperature conditions (20% RH, 35 

°C) to ensure the BSA deposited onto the polyester surface. The samples conditioned with BSA were 

incubated with 4 mL of PBS or water at pH 4. in petri dishes for 24 hours under agitation (150 rpm) 

and then the concentration of BSA released by the fabric surface was quantified with BCA assay. 

5.3 Effect of soil release polymers deposition on soil removal from 

fabrics 

5.3.1 Soil release benefits due to deposition of PEG-POET SRPs on polyester  

A stain removal test was performed on polyester samples with and without preconditioning with PEG-

POET SRPs.  Stain removal indexes (SRIs) were calculated as explained in section 2.10 via image 

analysis of stains before and after the washing process, and they are shown in Figure 45. The 

composition of the stains applied on the fabrics is listed in section 2.5.1 and the greasy soil removal 

was tested, as a function of surface modification. In the case of untreated polyester, a low SRI was 

determined for all the analysed stains. The poor cleanability of polyester is due to the strong 
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hydrophobic interactions occurring between the hydrophobic surface of the fabric and the hydrophobic 

soil analysed. Comparison of SRIs, between untreated and treated polyester, suggests that SRPs deliver 

soil-release benefits at the low concentrations (50 ppm) typically used in washing formulations. Indeed, 

the SRI measured for both the SRPs are much higher than the value observed for untreated polyester 

for all the analysed stains75. The SRI achieved for the stains is comparable for the two SRPs, except on 

the collar and cuff soil, where SRN240 was shown to deliver superior cleaning results. This may be due 

to the higher efficiency of deposition of SRN240 polymer, compared to SRA300F, resulting in lower 

adhesion efficacy of the soil on the surface and hence making it easier to remove complex soil mixture 

including particulates from polyester via this mechanism.  

 

 

Figure 45 – a) Chart of stain removal index for polyester fabrics that have been washed with and without SRPS and then 
stained with artificial sebum (in red), lard (in blue), and collar and cuff (in black). b) Picture of collar and cuff stains before 
and after the wash for untreated and SRP-treated polyester. 

 

5.3.2 Soil release benefits due to the deposition of PEG-POET SRPs on cotton  

Cotton fabrics, with and without preconditioning with PEG-POET SRPs, were stained with the 

hydrophobic soils listed in section 2.5.1 and the stain removal indexes were determined. The results are 

shown in Figure 46 and, when compared with the SRI for virgin polyester (Figure 45), it can be deduced 

that grease removal and emulsification is easier in the case of cotton. Indeed, SRI values on cotton are 

higher than the one observed for unmodified polyester, which reflects the higher hydrophilicity of 

cotton and the lower adhesion of soil due to the week dipole – induced-dipole forces. No meaningful 

increase was observed on stain removal indexes when the fabrics were pre-treated with PEG-POET 
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SRPs, which is further confirmation of the poor deposition of these polymers on cotton, as previously 

discussed in section 3.3.1. 

 

 

Figure 46 - Chart of stain removal index for cotton fabrics that have been washed with and without SRPS and then stained 
with artificial sebum (in red), lard (in blue), and collar and cuff (in black). b) picture of collar and cuff stains before and after 
the wash for untreated and SRP-treated polyester. 

 

5.3.3 Soil release benefits due to the deposition of PEG-4-MEMA/METAC on 

polyester  

Circular stains of lard mixed with blue dye were deposited on polyester fabrics with and without 

preconditioning with PEG-4-MEMA/METAC SRPs. The samples were washed with a normal laundry 

detergent and the stain removal indexes were measured via image analysis and they are shown in Figure 

47. The SRIs were higher for SRPs-treated polyester, which demonstrate that the deposition of SRPs 

on top of polyester enhances the removal of lard, confirming the soil release benefits delivered by this 

class of SRPs. However, no meaningful differences were observed among the three polymers, which 

suggests that the percentage of SRP deposited for each polymer is about the same. This is in line with 

TGA data shown in section 4.3.2, where the percentage of polymer deposited onto polyester was  about 

the same for the three SRPs. 
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Figure 47 – a) Chart of stain removal index for polyester fabrics that have been washed with and without SRPS and then 
stained with lard. b) picture of lard stains before and after the wash for untreated and SRP-treated polyester. 

 

5.3.4 Soil release benefits due to the deposition of PEG-4-MEMA/METAC on 

cotton  

A stain removal test was run on cotton fabrics with and without pre-conditioning with PEG-4-

MEMA/METAC SRPs. As in section 5.2.1, lard stains were applied, and the stain removal was 

calculated via image analysis, as explained in section 2.10. The stain removal indexes for untreated 

cotton and SRP-modified cotton are shown in Figure 48 and no meaningful enhance in soil removal 

was observed when cotton had been washed with PEG-4-MEMA/METAC SRPs. The outcome of the 

stain removal test is in line with streaming potential results, shown in section 4.3.1, which suggested 

that poor or no deposition occurred on cotton for this class of SRPs.  

 

 

Figure 48  – a) Chart of stain removal index for cotton fabrics that have been washed with and without SRPS and then stained 
with lard. b) picture of lard stains before and after the wash for untreated and SRP-treated polyester. 
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5.4 Protein deposition on polyester 

Polyester samples were analysed in streaming potential after equilibration with an increasing 

concentration of BSA. The zeta potential values, as a function of BSA concentration, are shown in 

Figure 49 and are compared to the zeta potential of BSA in solution. The zeta potential of a 1 mg/mL 

BSA solution was found to be –26.0 m V at pH 7.2 and 20 mV at pH 4 by light scattering measurements, 

in line with literature values148. The isoelectric point of BSA is reported149–151 to be around 5 , which 

means that in PBS (pH 7.2) most of the functional groups present on the amino acids of the BSA are 

deprotonated and the average charge of the protein is negative. Instead, at pH 4, the protonation of 

ionizable groups of the BSA occurs, and the net charge of BSA is positive.  

 

It is evident that the zeta potential of polyester pre-treated with BSA approaches the zeta potential of 

BSA in solution, as the protein concentration ([BSA]) increases. A plateau is observed in the zeta 

potential plot, which is close to the ZP of pure BSA in solution (the excess of positive charge in the 

case of pH 4 has been explained in section 4.3.4). The data follow a Langmuir isotherm model and, 

therefore, fitted using equation 51, which is the Langmuir isotherm model modified to take in account 

the initial zeta potential of the fabrics (𝑍𝑃initial): 

𝑍𝑃 =  𝑍𝑃initial +
𝑄saturation∗𝐾∗[BSA]

1+𝐾∗[BSA]
    (51). 

The Langmuir constants, K, for BSA deposition onto polyester, at different pH values, are shown in 

table 6. It can be seen that K is higher at pH 4 than in PBS. This can be explained by considering that 

polyester has a negative zeta potential at both pH values, whereas BSA is positively charged at pH 4 

and negatively charged at pH 7.2. Therefore, at pH 4, BSA experiences an electrostatic attraction due 

to the negative charge of the polyester and deposits more, even for low concentration of BSA (Figure 

49b). Instead, at pH 7.2, polyester and BSA are both negatively charged and repel each other. Therefore, 

a higher BSA concentration is required to achieve BSA deposition on polyester and to observe a shift 
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of the zeta potential measured on fabrics. Thus, to summarise, the formation of a protein conditioning 

film on polyester is easier at pH 4 than 7.2. 

 

 

Figure 49  – Zeta potential of polyester equilibrated with different concentrations of BSA in PBS (a) and pH 4 (b) as a function 
of BSA concentration. The data have been fitted to equation 51 and the value of the Langmuir constants are listed in table 6 

 

Table 6 – Langmuir adsorption constant of BSA on polyester at pH 4 and pH 7.2 

substrate pH K (mL/mg) 

polyester 7.2 (3.2±0.8) 

polyester 4 (14±2) 

  

 

5.5 Protein repellence from polyester pre-treated with SRPs 

5.5.1 Protein deposition in presence of SRPs coating at pH 8 

In Figure 50a, the percentage of BSA deposited in PBS on polyester untreated or pre-treated with 50 

ppm SRPs solution at pH 8 is shown. The 16% of BSA solution at 1 mg/mL, was observed to deposit 

onto pure polyester, which resulted in 1.28 mg of BSA depositing on untreated polyester. In PBS, the 

BSA is negatively charged and its adsorption onto polyester is mainly driven by hydrophobic 

interactions, involving the hydrophobic domains of the protein. The low percentage deposited is related 

to the hydrophobicity of the textile that, therefore, has a lower affinity for polyester than natural 
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fibres152. If an anionic SRP, such as SRA300F, is applied, this leads to a net negative charge on polyester 

surface, therefore the percentage of BSA deposited on the modified textile is lower than in the case of 

untreated polyester due to the electrostatic repulsion between BSA negative groups and sulfonate 

groups present on SRP-modified polyester. Instead, if a positively charged polymer is deposited on 

polyester (as in the case of the PEG-4-MEMA/METAC polymers), an increase in the amount of BSA 

depositing on a fabric is observed, due to electrostatic attraction between the positive amine groups 

presents along the polymer chain and the negatively charged groups of the BSA. Surprisingly, a 

decrease in BSA deposition was also observed also when the non-ionic SRN240 is deposited on 

polyester, despite the higher hydrophilicity of the polyester when the SRP is applied (section 3.4). This 

observation can be justified by considering the presence of the PEG loops on the fabric surface, that 

contain 34 and 45 PEG units153,154. These loops, most likely, create steric hindrance that prevents the 

BSA from adsorbing onto the polyester surface. 

 

 

Figure 50  – a) Percentage of BSA deposited on polyester, in presence and in absence of SRPs coating, in PBS. b) zeta potential 
of the fabrics before and after BSA deposition. 

 

The zeta potential of untreated and SRP-treated polyester was measured before and after the incubation 

with BSA (Figure 50b) as further confirmation of BSA deposition on fabrics. It is evident that, in all 

cases, there is a shift of the zeta potential compared to the initial value, supporting the observation that 

deposition occurs. Moreover, the final zeta potential is very close to the zeta potential of BSA in PBS, 

suggesting that the main active present on the fabric surface after the incubation is the protein. 
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Therefore, it can be confirmed that, in PBS, the BSA deposition occurs both in presence and in absence 

of SRPs. 

 

Figure 51 - Plots of zeta potential for SRP-treated polyester, equilibrated with different concentrations of BSA in PBS, as a 
function of BSA concentration. The polyester was pre-treated with SRA300F (a), SRN240 (b), PEG-4-MEMA/METAC 65:35 
(c), PEG-4-MEMA/METAC 40:60 low Mw(d), PEG-4-MEMA/METAC 40:60 low Mw(e).  The data have been fitted to 
equation 51 and the value of the Langmuir constants are listed in table 7. 

 

The Langmuir constants for BSA deposition on fabrics were calculated in the case of SRP-treated 

polyester. As in the case of untreated polyester, the deposition was done in the streaming potential (as 

explained in section 5.2.2) on fabrics that had been previously pre-conditioned with the analysed SRPs. 

The Langmuir constants were obtained by fitting the experimental data (Figure 51) to equation 51 and 



 

120 
 

these are listed in table 7. In the case of SRA300F, there is a decrease of the Langmuir constant, and 

the affinity of the BSA to the fabric as a consequence, which is in line with the BCA assay. The 

decreased affinity confirms the negative impact of electrostatic repulsion between the anionic polymer 

and negative charged BSA. A slight decrease in the affinity constant, compared to the untreated 

polyester, was observed in the case of SRN240, though the difference is not significant. This might 

confirm the effect of the steric hindrance due to PEG loops on BSA deposition. In the case of the PEG-

4-MEMA/METAC block copolymers, the Langmuir constant value remains higher, than in the case of 

untreated polyester, confirming higher affinity of BSA to the substrate due to the presence of the 

positive charged groups of the SRPs. 

 

Table 7 – Langmuir adsorption constant of BSA in PBS on polyester pre-treated with SRA300F (a), SRN240 (b), PEG-4-
MEMA/METAC 65:35 (c), PEG-4-MEMA/METAC 40:60 low Mw(d), PEG-4-MEMA/METAC 40:60 low Mw(e).   

substrate pH K (mL/mg) 

polyester 7.2 (3.2±0.4) 

SRA300F 7.2 (0.9±0.2) 

SRN240 7.2 (2.7±0.2) 

PEG-4-MEMA/METAC 65:35 7.2 (8.8±0.8) 

PEG-4-MEMA/METAC 40:60 low Mw 7.2 (4.1±0.6) 

PEG-4-MEMA/METAC 40:60 low Mw 7.2 (9,0±0.6) 

 

5.5.2 Protein deposition in presence of SRPs coating at pH 4 

Polyester fabrics, previously pre-treated with SRPs solutions at 50 ppm and pH 4, were incubated with 

BSA, at a concentration of 1 mg/mL, overnight in acidic condition and under agitation, and the 

percentage of BSA deposited was quantified via BCA assay (Figure 52). It is observed that the presence 

of SRA300F on top of the polyester increases the percentage of BSA deposited, this was expected as 

the protein is positively charged at pH 4 and is attracted by the anionic soil release polymers, as a result. 

The deposition of non-ionic SRP SRN240 decreases the percentage of BSA depositing on polyester, 

which seems to confirm the steric effect of the PEG groups on protein adsorption hypothesised in the 

case of PBS. In the case of PEG-4-MEMA/METAC SRPs, which are positively charged polymers, no 
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meaningful deposition was observed on polyester, which suggests that the positive charge introduced 

on fabrics via SRP deposition leads to electrostatic repellence to BSA and prevents or reduces protein 

deposition. The zeta potential of fabrics, before and after incubation with BSA, was measured in 

streaming potential and results are shown in Figure 52b. The zeta potential of fabrics after incubation 

with BSA becomes very close to the zeta potential of the BSA in solution, which confirms the occurred 

deposition for BSA. The zeta potential slightly changes also, in the case of PEG-4-MEMA/METAC 

SRPs, which suggests that there is probably a certain quantity of BSA deposited when these SRPs are 

present on the fabric surface. However, the reduction in concentration, due to the BSA deposition on 

fabrics, may be lower than the sensitivity of the BCA assay and, therefore, below the level of detection 

for this test. 

 

 

Figure 52  – a) Percentage of BSA deposited on polyester in presence and in absence of SRPs coating at pH 4. B) Zeta potential 
of the fabrics before and after the BSA deposition. 

 

As explained in section 5.2.2, polyester fabrics with and without SRPs pre-conditioning were 

conditioned with increasing concentration of BSA in the streaming potential cell, using BSA dissolved 

in 1 mM KCl at pH 4 as streaming solution. The zeta potential for fabrics rinsed with BSA solution, 

until reaching deposition equilibrium, was measured and the data were plotted against BSA 

concentration. The results for the 5 polymers analysed are shown in Figure 53 and the data were fitted 

to equation 51 to obtain the Langmuir constant associated to BSA deposition on SRPs pre-treated 

polyester. The Langmuir constants determined are listed in table 7.  
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Figure 53 - Plots of zeta potential for SRP-treated polyester, equilibrated with different concentrations of BSA at pH 4, as a 
function of BSA concentration. The polyester was pre-treated with SRA300F (a), SRN240 (b), PEG-4-MEMA/METAC 65:35 
(c), PEG-4-MEMA/METAC 40:60 low Mw(d), PEG-4-MEMA/METAC 40:60 low Mw(e).  The data have been fitted to 
equation 51 and the value of the Langmuir constants are listed in table 8. 

 

The trend observed in the Langmuir constant values is in line with the BCA assay results. A low binding 

constant was found for PEG-4-MEMA/METAC SRPs, which did not indicate deposition in the BCA 

assay. BSA deposits on this class of SRPs, as confirmed by the variation in zeta potential wen increasing 

protein concentration. However, the affinity for the modified fabric is very low. This can be justified 

by considering the electrostatic repulsions that occur between fabric surface, which is positively charged 

as a consequence of PEG-4-MEMA/METAC deposition, and BSA, which is positively charged at pH 
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4. Polyester modified with SRN240 has a lower affinity to BSA than untreated polyester at pH 4, as 

demonstrated by the smaller binding constant measured for SRN240. The low BSA deposition can be 

due to the lower negative charge found on polyester when modified with SRN240, where BSA 

experiences lower electrostatic attraction to the surface as a consequence. Conversely, deposition of 

SRA300F on polyester enhances the deposition of BSA. The positively charged BSA is strongly 

attracted by the anionic sulfonate groups present on the modified fabric. As a result, the Langmuir 

constant for SRA300F-modified fabrics is about 6 time higher than the one obtained for un-treated 

polyester, which is in line with the increased percentage of BSA deposited on polyester when SRA300F 

is deposited. 

  

Table 8 – Langmuir adsorption constants of BSA at pH 4 on polyester pre-treated with SRA300F (a), SRN240 (b), PEG-4-
MEMA/METAC 65:35 (c), PEG-4-MEMA/METAC 40:60 low Mw(d), PEG-4-MEMA/METAC 40:60 low Mw(e).   

substrate pH K (mL/mg) 

polyester 4 (14±2) 

SRA300F 4 (49.7±0.2) 

SRN240 4 (8.0±0.5) 

PEG-4-MEMA/METAC 65:35 4 (0.9±0.4) 

PEG-4-MEMA/METAC 40:60 low Mw 4 (1.1±0.6) 

PEG-4-MEMA/METAC 40:60 low Mw 4 (2.5±0.3) 

 

5.6 Protein release from polyester modified with SRPs  

5.6.1 Protein release from SRP-treated fabrics in PBS 

The percentage of BSA released, in the case of untreated or SRP-modified polyester, is shown in Figure 

54. It can be seen that a high percentage of BSA deposited was released, as the BSA was in excess and 

probably the use of a drop casting approach avoided the formation of strong bond with the fabric 

surface. In general, all the polymers resulted in a lower percentage of BSA released from the polyester. 

An explanation for this could be that the BSA solution is wetting the fabric and, therefore, the presence 

of SRPs, which are increasing the fabric wettability, promotes the penetration of BSA inside the fabric’s 
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porous structure. Indeed, SRN240, that was found to cause the highest hydrophilization of the polyester, 

has the lowest percentage of BSA released. The percentage of BSA released in the case of PEG-4-

MEMA/METAC block copolymers is lower than in the case of untreated and SRA300F-treated 

polyester, probably as a consequence of the higher electrostatic attraction between negative charged 

BSA, due to the use of PBS, and positively charged polymers. No meaningful differences were observed 

in the case of polyester and SRA300F, probably because in both cases the polyester surface is negatively 

charged. It can be noted that the differences in the percentage of BSA released are relatively small, as 

for all the polymers the percentage release is between 80 and 90%, therefore it can be concluded that 

SRPs do not provide significant benefits for protein release at pH 7.2. 

 

 

Figure 54 - Percentage of BSA released from untreated and SRPs treated polyester after incubation with PBS overnight. The 
mass of BSA initially deposited on the fabrics was 2mg. 

 

5.6.2 Protein release from SRP-treated fabrics at pH 4 

The percentage of BSA, released after depositing BSA via drop casting on untreated and SRP-treated 

polyester and incubating the fabrics in water at pH 4, was measured via BCA assay and the results are 

plotted in Figure 55. It can be seen that the percentage of BSA released by untreated polyester when 

incubated at pH 4 is slightly lower than that released in PBS. The highest retention in acidic conditions 

is due to higher electrostatic attraction between negatively charged polyester and the positively charged 

BSA. From the histogram, it is evident that there is a different effect on BSA-release, depending on the 

polymer structure. Deposition of both SRA300F and SRN240 results in lower percentage of BSA 

released from the fabric. Again, this might be due to the hydrophilization of the textile that causes BSA 
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penetration in the textile and higher adhesion, being the BSA being hydrophilic. Instead, relevant 

benefits were observed in the BSA release from fabrics pre-treated with PEG-4-MEMA/METAC soil 

release polymers. The higher released percentage of BSA in the latest case might be related to the lower 

adhesion of BSA on the fabric, which is a consequence of the electrostatic repulsion between the 

positively charged protein and the amine groups present on the polymer chain. Therefore, it can be 

deduced that the deposition of PEG-4-MEMA/METAC block copolymers improves BSA release in 

acidic conditions. 

 

 

Figure 55 – Percentage of BSA released from untreated and SRPs treated polyester after incubation with water at pH 4 
overnight. The mass of BSA initially deposited on the fabrics was 2mg. 

 

5.7 Conclusions 

In this chapter, the effect of SRP modification on greasy soil release, BSA release and repellence was 

investigated. It was found that PEG/POET block copolymers deliver soil release benefits on polyester, 

but not on cotton. The highest soil removal indexes were found for SRN240. This can be related to the 

higher hydrophilicity and to the occlusion of fabric pores due to SRPs deposition (as explained in 

section 3.5), which results in weaker capillary forces and lower soil adhesion when SRN240 is 

deposited. Lard removal was measured on fabrics modified with PEG-4-MEMA/METAC SRPs and 

results showed that this class of SRP deliver benefits on polyester, but not on cotton. The stain removal 

data were in line with the hypothesis on efficiency of deposition in Chapter 3 and 4, where the SRPs 

were found not to deposit on cotton. 
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Polyester affinity to BSA deposition was assessed by combining streaming potential and BCA assay 

data. It was found that polyester has a higher affinity to BSA at pH 4 than 7.2 (PBS). This result can be 

explained by considering that polyester is negatively charged at both pH, whereas BSA charges moves 

from positive, at pH 4, to negative, at pH 7.2. Therefore, higher electrostatic attraction between 

polyester and BSA was observed at pH 4. The same approach was used to assess the effect on BSA 

release from the surface of the fabric when SRPs are present. The BCA assay showed that PEG-4-

MEMA/METAC co-polymers enhance the deposition of BSA onto polyester in PBS, as a result of 

electrostatic attractions. Yet, PEG/POET co-polymers reduce the quantity of BSA deposited onto 

polyester in PBS. The mechanism of BSA repellence was related to electrostatic repulsion in the case 

of SRA300F and to steric hindrance in the case of SRN240. A decrease in amount of BSA deposited 

compared to un-treated polyester was found for all the analysed SRPs at pH 4, except in the case of 

SRA300F. This can be justified when considering the electrostatic attraction between BSA and 

SRA300F-modified polyester at this pH, where PEG-4-MEMA/METAC block copolymers lead to 

electrostatic repulsion, and lower mass of BSA deposited, as a consequence. 

 

Binding constants of BSA to polyester with and without SRPs pre-conditioning were obtained by fitting 

to equation 51 the streaming potential values of fabrics exposed to BSA as a function of BSA 

concentration. Results are in line with the BCA assay data. 

 

BSA release from fabrics with and without pre-conditioning with SRPs was assessed with BCA and 

results showed that PEG-4-MEMA/METAC and SRN240 increased BSA retention on the fabric surface 

in PBS. Conversely, the BSA retained is higher for PEG/POET block copolymers and lower for PEG-

4-MEMA/METAC block copolymers than polyester at pH 4. 
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Chapter 6. Surfactant – soil interactions in bulk 

6.1 Introduction 

In previous chapters, the efficiency of deposition of some SRPs classes on cotton and polyester was 

studied by mean of streaming potential measurements, UV/vis and TGA. This study led to the 

identification of the deposition parameters which impact on the deposition of SRPs onto polyester and 

explained why SRPs are inefficient in modifying cotton. Fabrics, with and without  SRP pre-

conditioning, were stained with some common greasy soils, such as lard, sebum and collar and cuff, 

and stain removal indexes were evaluated via image analysis. Surface modification of polyester via the 

deposition of SRPs was found to enhance soil removal from polyester, as a consequence of the lower 

adhesion of each soil onto the fabric surface. However, it is necessary to prevent re-deposition of soil 

on fabrics and this can be achieved by emulsifying oil and grease or removing proteins and 

carbohydrates from solution via interactions with surfactants. As a result, an efficient cleaning of 

polyester requires the presence of free surfactants in solution which interact with soil components.  

 

In this chapter, an investigation of the interactions between different classes of surfactants and primary 

soil components was undertaken. Starch was chosen as model soil for carbohydrates, BSA was used as 

a representative of proteins and corn oil was used as model for liquid oil. For all the model soils, the 

interaction with surfactants at a concentration of 300 ppm was studied, where 300 ppm is the surfactant 

concentration normally experienced by consumer in a sink during dish washing. Surfactants with 

different structure properties were selected so that an understanding on the effect that surfactant 

structure has on the interaction with soil can be achieved. The mechanism behind surfactant inclusion, 

inside amylose helices, was unravelled in this chapter, as this interaction is responsible for the depletion 

of surfactant monomers present in solution. The effect of surfactant chemical structure on the formation 

of amylose-inclusion complexes was studied in this work and optimal degree of branching, alkyl chain 

length and head group size were identified to prevent inclusion of surfactant monomers in the amylose 

helix. The effect of the same parameters on protein denaturation and complexation was investigated in 
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this chapter, as well, as these mechanisms can lead to a more efficient removal of protein from washing 

solutions. This investigation used mass spectrometry, surface tension measurements and fluorescence 

spectroscopy to investigate the effect of surfactant charge, chain length, level of branching and size of 

surfactant head on interactions with proteins. Moreover, emulsion stability as a function of surfactant 

structure was studied by analysing transmission profiles collected with the Turbiscan, as oil was one of 

the main components of the stains analysed in Chapter 5. As a result, some surfactant properties were 

identified in this thesis to optimize the interaction between soil components and surfactants and improve 

cleaning of clothes in laundry.  

6.2 Experimental details  

6.2.1 Preparation of surfactant solution with and without addition of starch and 

BSA 

Stock solution of surfactants (listed in Appendix I) at a concentration of 3000 ppm were prepared by 

solubilizing surfactant in mass spectrometry (MS) quality water (Sigma Aldrich). Stock solutions were 

kept in the fridge and diluted to the desired concentration via addition of MS quality water before each 

use. In the case of samples containing only surfactant without addition of starch and BSA, the stock 

solution was diluted to a final concentration of 300 ppm, trimming the pH to 8 via NaOH or HCl and 

adding 10 mM ammonium carbonate as buffer.  

 

In the case of samples containing starch, 2 g of wheat starch (Sigma Aldrich) was dissolved in 10 mL 

MS water. The suspension was heated to 60°C, under agitation, for 1 hour, to enable leach out of the 

amylose from the wheat granules. After this step, 5 ml of surfactant solution and 35 mL of water were 

added and samples were left to equilibrate for 30 minutes. The final surfactant concentration was 300 

ppm and the starch content was 2% (w/w).  
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For the analysis of interactions between surfactants and BSA, a 10 mg/mL stock solution of BSA was 

prepared by dissolving BSA in MS water and adjusting the pH to 8 via addition of NaOH and HCl 

0.05N, using an ammonium carbonate buffer (1mM) to avoid pH changes. The stock solutions of BSA 

and of the surfactant were diluted with MS water to reach a final concentration of BSA equal to 1 

mg/mL and a final surfactant level of 300 ppm. The solution was stirred gently to avoid excessive 

foaming. 

 

In both cases, 1:10 dilution of the surfactant with and without BSA and starch was used for injection 

into the mass spectrometer (Micromass ZQ 2000 ,Waters Corporation, Milford,MA, USA) and filtered 

with nylon 45 μm syringe filter (VWR International Ltd, Luttterworth, UK), to avoid presence of 

contaminants that precipitate at the electro-spray ionization (ESI) interface and occlude the ESI 

capillary. No filtration or dilution were used for samples analysed via surface tension measurements, 

instead. 

6.2.2 Experimental conditions and data minding for MS analysis of surfactant 

In our work, a Micromass ZQ 2000 (Waters Corporation, Milford,MA, USA) was used to collect the 

mass spectra of surfactant solutions in the presence and absence of starch and BSA. For each sample, 

spectra were collected both in positive and negative modes, to enable the detection of both negative (eg. 

alkyl sulfates) and positive surfactant species (e.g. amine oxides). Data analysis was performed using 

Micromass Mass Lynx software (v 3.4, Waters, Milford, MA). Initially, the MS spectrum of each 

surfactant was analysed to identify the different isomers present in the sample (as most of the analysed 

surfactants contain different chain length). As soon as the characterization was completed, the eXtracted 

Ion Chromatogram (XIC) for each m/z of interest was extracted, using a window of ± 0.5 atomic mass  

unit (amu). The area under each peak, in the XIC trace, was measured and recorded for each surfactant 

isomer. These areas were then used to calculate the concentration of surfactants using calibration curves 

previously prepared. These calibration curves were prepared, for each m/z ratio of interest, using 

surfactant concentrations equal to 1, 5, 10, 30 and 50 ppm. An example of calibration curve, referring 



 

130 
 

to the C11 CapAO (m/z = 301.5), is shown in Figure 56 and the LOD was calculated by using the 

intercept (b) and the standard deviation associated to the slope and (δa), according to the following 

equation: 

𝐿𝑂𝐷 =
3 𝛿𝑎

𝑏
     (51) 

 

 

Figure 56  – Calibration curve for C11 CapAO isomer determined by plotting the area under each XIC associated to the 
m/z=301.5 for samples at different concentration of the surfactant. In all cases, samples were filtered, and the pH was trimmed 
to 8. 

 

The comparison between the concentrations in the surfactant solution in the presence and in the absence 

of starch led to quantify the percentage of each isomer depleted as a consequence of the interaction with 

starch. For each surfactant studied, the XIC of one or more m/z ratios were extracted for the 

quantification, depending on the composition of the surfactant considered. The full list of the m/z ratio 

considered for this work is shown in Appendix III, including information about the ESI mode used for 

the analysis (+ or -) and the structure of the isomer they referred to. It was not possible to distinguish 

between linear and branched isomers because no chromatographic separation was performed ahead of 

MS analysis. 
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Figure 57  – a) Total ion current chromatogram (TIC) of a sample of C24 AE3S injected in the mass spectrometer and analysed 
in negative ESI-(-) mode for 2 minutes; b) ESI-(-) spectrum averaged under the surfactant band present in the TIC between 
0.2 and 0.8 minutes and related to the elution and ionization of the C24 AE3S sample; c)  eXtraxted Ion Current (XIC) 
chromatogram obtained for the m/z ratio  
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The sample was injected in the mass spectrometer and the MS signal was detected both in positive and 

negative mode for 2 minutes. A typical total ion chromatogram (TIC) for a surfactant solution injected 

in the MS analyser is shown in Figure 57. The mass spectrum was averaged under the band present in 

the TIC (Figure 57b) and the main m/z ratio in each surfactant sample were identified, so that the 

corresponding eXtracted Ion Current (XIC, Figure 57c) was extracted. The band in the XIC was 

integrated to obtain the area associated to the specific m/z ratio extracted and the area was substituted 

in the calibration curves to extrapolate the concentration of the specie with the m/z ratio in the sample. 

The percentage of surfactant concentration after interaction with starch or BSA was calculated as 

follow: 

 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑖𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, % = (
𝐴𝑚/𝑧

𝑛𝑜 𝑠𝑜𝑖𝑙−𝐴𝑚/𝑧
 𝑠𝑜𝑖𝑙

𝐴𝑚/𝑧
𝑠𝑜𝑖𝑙 ) ∗ 100       (52), 

where Am/z
no soil is the area associated to the XIC for a specific m/z in the pure surfactant solution and 

Am/z
 soil is the area associated to the XIC in the case of surfactant-starch suspension. 

 

6.2.3 Surface tension analysis of surfactant solutions with and without addition of 

starch and BSA 

Surface tension measurements were performed for solutions of surfactants, in the presence and absence 

of protein or starch. The samples were prepared as described in section 6.2.1 and analysed using a K100 

tensiometer (Kruss, Germany).  Samples were analysed at 25 °C using a platinum-iridium plate, as 

previously described in section 3.2.5. The final surfactant concentration was 300 ppm, and the 

concentrations for starch and soil were 2% (w/w) and 1mg/mL, respectively. Measurements were 

averaged over 3 replicates for each sample. 

6.2.4 Sample preparation for fluorescence spectroscopy 

The fluorescence spectrophotometer used was a Varian Cary Eclipse (Agilent Technology, USA) which 

was equipped with a Peltrier thermostatted multicell holder. The excitation wavelength was 280 nm and 

the slit width was fixed at 5 nm. Fluorescence emission spectra were recorded between 200 nm and 600 
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nm, using a slit width of 5 nm. Solutions of BSA, with and without surfactants, were prepared via 

dilution from stock solutions. A 10 mg/mL BSA stock solution was prepared by dissolving pure BSA 

in PBS. Surfactant solutions at a concentration of 5000 ppm were prepared in PBS solution (preparation 

described in section 5.2). Aliquots of the stock solutions of BSA and surfactants were diluted in PBS to 

achieve the final desired concentration. A BSA concentration of 1mg/mL was used for all the samples, 

with the surfactant concentration varied between 25 and 2000 ppm. The emission spectra, collected 

over the range 297 - 500 nm, were recorded for pure BSA and for BSA in combination with some 

anionic (SDS, LAS, Lial, AE3S), cationic (DDAC), amphoteric (C10 AO, CapAO, CapBetaine, C12-14 

AO) and non-ionic (C10 EO) surfactants.  

 

The fluorescence emission spectrum of thermally-denaturated BSA was collected over the range 297 – 

500 nm and compared to the emission spectra of BSA in presence of surfactants. Thermal denaturation 

was performed by increasing the temperature of a solution of BSA 1 mg/mL from 25 and 93 °C, at a 

heating speed of 1 °C/ min, and measuring the fluorescence emission spectrum of the protein in the end. 

6.2.5 Emulsion preparation and analysis via turbiscan 

Solutions of different surfactants, at a concentration of 300 ppm, were prepared in water at 15 German 

degrees (°dH) water hardness and stored at 35 °C. The Turbiscan vial were carefully filled, to avoid 

foaming, with 20 mL of surfactant solutions. The initial intensity of light transmitted through surfactant 

solution in absence of oil was measured. Emulsions were generated by mixing 1 mL of corn oil (Mazola) 

to the surfactant solution. A propeller laboratory shaker (Eurostar 60, IKA, Germany), set at 1600 rpm 

for 2 minutes, was used to mix the emulsions. Transmission and back scattering across vial height were 

recorded each minute for 30 minutes after mixing. Transmission and back scattering was measured 

using a TurbiscanTM LAB (Formulaction SA, France) and the data analysed using the software 

Turbisoft LAB (Formulaction SA, France).  
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6.3 Bulk interaction of surfactant with starch 

6.3.1 Surfactant depletion in presence of starch via MS analysis  

Figure 58 shows the depletion in surfactant concentration, expressed as a percentage versus the initial 

concentration, for m/z ratio present in the analysed surfactants. The higher the depletion percentage, the 

more the surfactant is included in the amylose helices. As explained in section 1.6.2, surfactants can 

form amylose inclusion complexes because of their amphiphilic nature.  

 

 

Figure 58 – Bar charts showing the depletion in surfactant concentration, expressed as percentage versus initial 
concentration, due to the interaction with starch for a range of isomers present in the surfactants analysed in this thesis. The 
depletion was calculated by comparison between the initial XIC area underneath the surfactant band in absence of starch and 
the band detected in MS after equilibration with starch. the XIC area associated to the main peaks (in black) was measured. 
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Figure 59  – Comparison between the diameter of helical structure155 formed by amylose in solution and the length of a methyl 
and of an ethyl group156. 

 

The hydrophobic tail of the surfactant is inserted into the inner core of the helical structure of amylose, 

which is hydrophobic, and the starch-surfactant interaction is stabilised because of hydrophobic and 

Van der Waals interactions. In this research, our aim was to assess the affinity of the surfactant, for 

inclusion in the amylose helical structure, based on the surfactant chemical structure. In the case of C8 

alkyl sulfate (C8AS) and SDS, a total depletion of surfactant concentration in solution was measured 

via MS analysis when starch is added. This observation can be justified by considering that diameters 

of surfactant tail and of the amylose helix. Indeed, these surfactants are linear, with the diameter of the 

tail around 5.8 Å (calculated as cubic root from the values used in Tanford equation156),  and therefore 

the tail can enter and be inserted into  the helix, which inner diameter is around 5 Å155 (Figure 59). The 

depletion in concentration observed for SDS and C8AS was compared  with the percentage depletion 

for the other alkyl sulfates.It can be seen that, in the case of surfactant mixture (eg. SLS, which is a 

mixture of C12 and C14 AS), there is a preferential inclusion of the fraction with the longer chain 

length, whereas the shorter surfactant is mostly left free in solution. The preferential inclusion of 

surfactants with longer chain lengths can be explained by their increased hydrophobicity, which 

increases their affinity with the hydrophobic core of the helix as a consequence. Moreover, by 

comparing SLS (linear), Shell AS, Lial AS, Safol AS and Isalchem surfactants, the effect of branching 

on amylose inclusion complex formation can be deduced. It was found that the higher the percentage 

of branched isomers present in the mixture, the lower the depletion in presence of starch. This can be 

easily justified by considering that the diameter of a linear tail is around 5.8 Å, while the presence of a 
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methyl branch connected to the methylene unit increases the diameter to about 12 Å. As a consequence, 

the presence of methyl branching inhibits the inclusion in the helical structure of the amylose, which 

diameter is smaller (5 Å). 

 

The effect of charge of surfactant head on surfactant inclusion in the helix was studied by comparing 

SLS with C12-C14 AO. SLS is an anionic surfactant, while C12-C14 amine-oxide is not charged at pH 

8 (pH of analysis). Figure 58 shows that inclusion is preferred for uncharged surfactants, most likely as 

a consequence of the higher hydrophobicity due to the absence of a net charge. It can be hypothesised 

that, for mixture of ionic and non-ionic, or amphoteric, surfactants, ionic surfactants are preferentially 

included in the helical structure of the amylose and, therefore, depleted in bulk.  

 

It was found that the nature of surfactant head group controls the amount of surfactant included in the 

helical structure of amylose. Comparing C11 AO to C11 CapAO, a decrease in inclusion in the helix 

for CapAO was found, where the main difference is the presence of a big head group in the case of 

CapAO. Indeed, the bigger head group of CapAO probably introduces additional steric hindrance for 

the interaction with amylose, therefore, CapAO is almost not included inside the amylose helix. The 

same behaviour is observed in the case of CapBetaine, which exhibits low depletion in concentration 

after addition of starch. This is true for anionic surfactants as well, where the inclusion of AE3S lower 

than the inclusion of AE1S in average.  

 6.3.2 Surface tension measurements of surfactant-starch mixture  

The surface tension of pure surfactant solutions (300 ppm, 15 °dH water) were measured using the 

Wilhelmy method and results are shown in Figure 60 (black charts). From these data, the effect of 

surfactant structure on the surface tension of the solution can be observed. By comparing SDS (pure 

C12 AS) and SLS (C12-C14 AS), as well as by comparing C11 AO and C9-C11 AO, it is deduced that 

a combination of surfactants leads to a lower surface tension than single surfactant by improving 

surfactant packing at the air/water interface. Surfactant packing is also enhanced by the presence of 
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branches along the surfactant alkyl tail, as shown in the alkyl sulfate series. However, an excess of 

branched surfactant monomers (Isalchem) seems to lead to an increase in surface tension.  

The values of surface tension for pure surfactant solutions were compared to the surface tension 

measured for the same surfactants with 2% starch and presented as red bars in the chart (Figure 60). 

The results show an increase in surface tension that can be hypothesised to depend on the depletion of 

surfactant at the air/water interface, due to the inclusion of surfactant in the helical structure of the 

amylose. 

 

 

Figure 60  – Surface tension of surfactant solution at 300 ppm in absence (black) and in presence of 2% (w/v) wheat starch 
(red). The surface tension values were measured at 20 °C via Wilhelmy method using a platinum plate. 

 

There is a good agreement between the increase in surface tension values and the percentages of 

depletion in MS data (Figure 58). Indeed, high depletion of surfactant concentration in the MS data 

results in an increase in surface tension for surfactant-starch mixture. In the case of alkyl sulfates, an 
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increase in surface tension is always observed, confirming the inclusion in helical structure of amylose 

for this class of surfactant. Moreover, larger differences in surface tension values were observed in the 

case of SLS, SDS and Shell AS, which had no or lower-degree of branching and, therefore, were the 

most affected by the interaction with amylose. Small differences were observed for AE1S and AE3S, 

probably because there is a high content of C12 alkyl sulfate available for stabilizing the air/water 

interface. An increase in surface tension is observed for amine oxides, where the highest variation was 

observed for C12-C14 AO, which also exhibited the highest depletion in MS signal after start addition. 

Further confirmation of the resistance of CapAO and CapBetaine to the inclusion in helical structure of 

amylose is found in the negligible variation of surface tension values for these surfactants. Indeed, the 

values for surface tension in the presence of starch are very close to the value measured for pure 

surfactant, which suggests that the surfactant content at the air/water interface is the same even in 

presence of amylose. As a consequence, the structure-function model developed via MS analysis was 

confirmed by surface tension data.  

6.3.2 Structure-function model for starch- surfactant interactions 

The results of MS analysis and surface tension measurements lead to develop a structure – function 

model for surfactant monomer inclusion inside amylose helix, and the results are shown in Figure 61. 

The hydrophobicity of surfactant monomers was found to be the main factor affecting the formation of 

amylose-inclusion complexes.  The longer the surfactant alkyl tail, the more hydrophobic the surfactant, 

therefore the inclusion in amylose helix is enhanced for surfactants with longer chain length. Head 

group type also impacts interaction with amylose. Indeed, ionic surfactants are more soluble than non-

ionic and amphoteric surfactants, hence they are less included in amylose helix than surfactant without 

a net charge.  Moreover, the presence of a big head or of branching introduces additional steric 

hindrance for the interaction with amylose.  
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Figure 61 - Structure-function correlation models developed for interactions between surfactant and amylose helix. The model 
was based on surface tension measurements and mass spectrometry results, both run at a surfactant concentration of 300 ppm 
and at 35 °C.    

 

6.4 Bulk interaction of surfactant with protein 

6.4.1 Surfactant depletion in presence of BSA via MS analysis  

The use of mass spectrometry enabled quantification of the amount of surfactant depleted by the 

interaction with BSA (Figure 62). Overall, it can be observed that all the surfactants are affected by the 

interaction with proteins, as a depletion in surfactant concentration was detected in most of the cases. It 

can be observed that the surfactants most affected by the interaction with BSA are Lial AS, Safol AS 

and LAS. This suggests that the presence of branching enhances the interaction with protein, posssibly 

because branching stabilizes the unfolded domains of the protein when BSA denatures. However, lower 

and higher degrees of branching (eg.Shell, Isalchem) appear to reduces the efficiency of the interaction. 

Alkyl ethoxy sulfate surfactants also exhibits high depletion of the XIC area associated to the surfactant 

in presence of BSA. Most likely the presence of ethoxylated head enhances protein denaturation, as it 

improves the packing around the hydrophobic domains. As widely reported in the literature, SDS is 

widely used for protein denaturation157–159 because of the strong interaction that SDS has with BSA. 

This is confirmed by the large depletion experienced for the SDS m/z ration in presence of BSA. 
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Figure 62 – Bar charts showing depletion in surfactant concentration, expressed as percentage versus initial concentration, due 
to the interaction with BSA for a range of isomers present in the surfactants analysed in this thesis. The depletion was calculated 
by comparison between the initial XIC area underneath the surfactant band in absence of starch and the band detected in MS 
after equilibration with starch. For each surfactant (in red) the XIC area associated to the main peaks (in black) was measured. 

 

The amine oxide class results is the least affected by the interaction with BSA at this pH. In the case of 

anionic surfactants, as described in section 1.6.3, the interactions with the protein occurs much faster 

because of the electrostatic attraction between the surfactant charged head and the charged groups along 

the protein chain. This interaction, called specific binding, is not present in the case of amine oxide, and 

non-ionic/amphoteric surfactants in general, where the interaction with the protein is solely based on 

hydrophobic interaction between the surfactant tail and the hydrophobic domains of the protein. As a 
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result, amine oxide surfactants are less involved than anionic surfactant in the interaction with the BSA 

at this concentration.  

 

6.4.2 Surface tension measurements of surfactant-BSA mixture 

Surface tension measurements were run on samples of surfactants with and without BSA to further 

unravel the interactions between surfactants and proteins. It was observed that, in the case of Lial, Safol 

and LAS, a significant increase in surface tension was observed when BSA was added (Figure 63). This 

confirms the strong interaction between branched surfactants and BSA. However, the correlation 

between the surface tension data and the MS analysis is less straight forward than in the case of starch, 

most likely as a consequence of the surface activity of BSA. For instance, it is known that SDS and 

BSA interact and MS analysis showed that a high amount of SDS is involved in the interaction. Despite 

this, the surface tension of the BSA/SDS system is lower than the one measured for the pure SDS 

solution and is closer to the value measured for pure BSA solution. It might be hypothesised that the 

surface tension is still low, in spite of the depleted amount of free SDS monomers, as there are proteins 

absorbed at the air/water interface. For the same reason, we can justify the increase in surface tension 

for C10 AO and C11 AO, where no meaningful interaction was observed in MS. The increase in surface 

tension might be explained by preferential absorption of BSA at the air/water interface, where the 

protein has higher surface tension than the surfactant.  
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Figure 63 – Bar charts showing the surface tension values of surfactant solutions at 300 ppm in absence (black) and in presence 
of 1 mg/mL BSA (red). The surface tension values were measured at 20 °C via Wilhelmy method using a platinum plate. 

 

 

6.4.3 Surfactant-BSA interaction via fluorescence spectroscopy 
 

Fluorescence spectroscopy was used to assess the interactions between surfactants and proteins, as well 

as a mean of comparison with MS and surface tension data. The data in this section were collected at 

the Department of Chemistry in the University of Bari in collaboration with Helena Mateos Cuadrado 

(Ph.D. student). As already mentioned in section 1.6.3, bovine serum albumin exhibits intrinsic 

fluorescence related to the presence of Tryptophan units. When BSA is in its native form, the 

fluorescence spectrum has a maximum at 345 nm. This maximum shifts to lower wavelengths when 

denaturation occurs and the Tryptophan is exposed to a hydrophilic environment. Therefore, 

denaturation of this protein, by interactions with surfactants, can be followed by monitoring the shift in 

the maximum of the fluorescence emission spectrum as a function of the surfactant concentration. 

Fluorescence intensity provides information about the amount of protein that has been denatured by the 

surfactant, and consequently the strength of the interaction.  
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Figure 64 – Fluorescence spectra of BSA-surfactant mixtures at different surfactant concentrations. The surfactant analysed 
are SDS (a), AE3S (b), DDAC (c), C12-C14 AO (d), CapAO (e) and C10 EO8 (f). In all cases, BSA concentration was kept 
equal to 1 mg/mL and fluorescence was measured at 20 °C. 

 

Initially, emission spectra of BSA 1 mg/mL were collected for pure protein, as well as in combination 

with surfactants over a range of concentrations. Emission spectra are shown in Figure 64, where 

different types of surfactant were selected to assess the effect of surfactant head charge and size on BSA 

denaturation.  It can be observed that the emission spectrum of pure BSA (in black in the charts) exhibits 

a maximum at 345 ± 1 nm when excited at 280 nm. When the BSA is mixed with surfactant, a decrease 

in the fluorescence intensity (Ifluo) as well as a shift in the maximum position (λmax) occurs in most cases. 
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However, differences can be observed on the quenching of BSA fluorescence according to the surfactant 

type. 

 

 

Among the anionic surfactants, SDS and AE3S were analysed, which have the same head group charge, 

but different size, with AE3S having a bigger head group size than SDS. In the case of SDS, three 

species can be discerned, as already described in literature70. In addition to native BSA, a second specie 

is found for SDS concentration between 50 ppm and 300 ppm, which has its maximum of emission at 

327 ± 2 nm which is related to the formation of a SDS-BSA complex. Instead, for higher SDS 

concentration, a peak corresponding to denaturated BSA, which λmax is aroun 320 ± 1 nm, is found. It 

can be observed that, in the case of AE3S (Figure 64b), Ifluo reaches its minimum and λmax is fully shifted 

to lower wavelength for a lower surfactant concentration (around 75 ppm). Moreover, this concentration 

is very close to the cmc of AE3S (69.71 ppm). This result suggests that there is a strong interaction 

between AE3S and BSA, where the interaction between surfactant monomers and protein occurs at a 

surfactant concentration below 50 ppm (higher Ifluo and λmax), whereas the interaction between surfactant 

micelles and hydrophobic domains of BSA becomes the main mechanism even at 75 ppm. When BSA 

interacts with surfactant micelles, according to the pearl necklace model51,52, protein unfolding occurs 

and the surfactant monomers are tightly packed around the hydrophobic domains of the protein because 

of the big size of AE3S head. Instead, the cmc of SDS is much higher than the one of AE3S, therefore 

the interaction with surfactant monomers is the main mechanism for most of the surfactant 

concentrations analysed. In this case, the quenching starts at low concentration and changes in protein 

conformation occurs, but a higher surfactant concentration is required to cause a full decrease in Ifluo 

and λmax (~300 ppm, Figure 64a). 

 

An interesting case is represented by DDAC, which is a cationic surfactant with a quaternary 

ammonium head group.  DDAC has a similar head charge density than SDS but it is oppositely charged. 
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When looking at the quenching of BSA fluorescence as a function of DDAC concentration (Figure 64c), 

it can be observed that the minimum in Ifluo and λmax is reached for a surfactant concentration of 180 ppm, 

which is the cmc of the surfactant. However, at concentrations above the cmc, the fluorescence intensity 

increases again, and the emission spectrum is very similar to the one of native BSA. This is in line with 

what already observed for CTAC by Gelamo70. This behaviour can be rationalized by the assumption 

that the interaction between BSA and DDAC only occurs when the surfactant in present as a monomer, 

whereas the DDAC micelles are not involved in any interaction with the protein. This has been 

confirmed by carrying the same measurements on a BSA-DDAC mixture where the DDAC 

concentration is progressively increased. It was found that the same behaviour is observed if surfactant 

titration is carried in the presence of BSA, as shown in Figure 65. Addition of DDAC above its cmc 

results in a recovery of fluorescence and the resulting solution appears transparent.  

 

 

Figure 65 – a) Fluorescence spectra of BSA mixed with DDAC at different concentrations (0, 50, 180, 2000 ppm) in water and 
corresponding pictures of the samples (b). In all cases, BSA concentration was kept equal to 1 mg/mL and fluorescence was 
measured at 20 °C. 

The interaction between amphoteric surfactants and BSA was studied by looking at C12-C14 AO and 

CapAO (Figure 64d and e). Fluorescence spectra were measured in PBS, where both the surfactants do 

not have a net charge. As observed when comparing SDS and AE3S, the presence of a big head (CapAO 

vs C12-C14 AO) induces faster quenching of  BSA fluorescence. A minimum in λmax is observed for a 

CapAO concentration equal to 75 ppm, instead of 150 ppm needed for C12-C14 AO. Furthermore, the 

amphoteric surfactants were compared with a non-ionic surfactant (C10 EO8), which is not charged. In 

the later case, the interaction between surfactant and BSA required an even higher concentration than 
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in the case of C12-C14 AO and CapAO. Therefore, it can be deduced that the interaction with BSA is 

favoured in the case of ionic surfactants, followed by amphoteric surfactants, while non-ionic 

surfactants are the one interacting the least with the protein. 

 

Figure 66  - Plots of fluorescence intensity of BSA-surfactant system (normalized versus fluorescence intensity of pure BSA 
at 1mg/mL) as a function of surfactant concentrations for ionic surfactants (a) and non-ionic/amphoteric surfactants (b). c) 
Diagram of fraction of surfactant bound to the BSA (α) as a function of surfactant concentration. 

 

The effect of surfactant type on the interaction with BSA is highlighted by plotting the normalized 

fluorescence intensity as a function of surfactant concentration for all the surfactants analysed (Figure 

66). The normalized intensity is calculated, as explained in section 1.6.3, by dividing the intensity at 

350 nm measured for the surfactant-BSA system at a certain concentration (I) by the intensity of pure 

BSA at 350 nm (I0). In Figure 65a, the plot for ionic surfactants is shown. It can be seen that the initial 

decrease of I/I0 is steep for this type of surfactants, confirming a fast interaction between the surfactant 
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and the BSA. The trend is steepest for AE3S, suggesting that the greatest effect on protein denaturation 

is due to the size of surfactant head. Moreover, the normalised intensity was plotted also for LAS and 

Lial AS, which are branched surfactants. From the chart, it can be deduced that the presence of 

branching induces higher denaturation of the protein, as the intensity detected is much lower than the 

one observed for linear ionic surfactants. An explanation for the enhanced interaction between the 

branched surfactants and proteins can be related to the improved packing achieved by branched 

surfactants around the hydrophobic domains of the protein. The unfolded protein is heavily stabilized 

even at lower surfactant concentration, as a consequence. 

 

Table 9 - Binding constant to BSA of some of the surfactants analysed in this work. The binding constant was determined by 
fitting the plot of the fraction of surfactant bound to the protein vs surfactant concentration using the Langmuir equation 
(equation 47).  

 

Surfactant type Surfactant Binding constant (KL, mmol–1)) 

Anionic surfactants SDS (6.8 ± 0.9) 

AE3S (15.2 ± 0.5) 

Lial (34.4 ± 0.8) 

LAS (26 ± 3) 

Amphoteric surfactants C12-C14 AO (1.9 ± 0.6) 

CapAO (5.5 ± 1.4) 

Non-ionic surfactants C10 EO8 (1.7 ± 0.5) 

Cationic surfactants DDAC (9 ± 2) 

 

In Figure 66b, the amphoteric and non-ionic surfactants are compared to AE3S. A delay in protein 

quenching due to amphoteric and non-ionic surfactants can be highlighted by the chart, as the decrease 
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of normalised intensities occurs at a higher surfactant concentration. In the case of CapAO, the rate of 

decrease in I/I0 is close to the one observed for AE3S, which proves the importance of surfactant head 

in the protein denaturation process. Instead, the decrease of I/I0 in the case of C12-C14 AO is less steep, 

which confirms that the interaction between amphoteric surfactants and BSA requires higher surfactant 

concentration to cause changes in protein conformation. The non-ionic surfactant (C10 EO8) reaches 

the plateau in I/I0 for the highest surfactant concentration, probably because in this case solely 

hydrophobic interactions are responsible for the interaction with BSA and more surfactant monomers 

are required to unfold the protein. 

 

The adsorption isotherms for the surfactant-protein interaction were produced by plotting the surfactant 

fraction bound to the protein (α, calculated using equation 10) as a function of surfactant concentration. 

Results are shown in Figure 66 c and data were fitted to Langmuir equation (equation 47) so that the 

binding constant of the interaction was found. The Langmuir constants for each surfactant are shown in 

table 9. The binding constants are in line with the learnings coming from fluorescence emission spectra. 

The highest affinity for the BSA is observed for Lial and LAS, which are branched anionic surfactants, 

followed by AE3S (big head anionic surfactant), SDS and DDAC (for a concentration lower than the 

cmc). Among the amphoteric, CapAO has a higher binding constant than C12-C14 AO to BSA, 

confirming the enhancement due to big head group. Instead, the lowest affinity is experienced by the 

non-ionic surfactant, C10 EO8.  

 

The MS and surface tension data, at a surfactant concentration of 300 ppm, were compared with 

fluorescence emission spectra for BSA 1mg/mL over a range of different surfactants, at the same 

concentration (Figure 67). As reference, the fluorescence emission spectrum for a 1 mg/mL solution of 

thermally denatured BSA was included, to enable the efficiency of surfactants, at 300 ppm, for 

denaturing BSA to be deduced. The comparison between the fluorescence emission spectra of BSA in 

combination with different surfactants at 300 ppm highlights that, at this low concentration, the only 
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surfactants that already succeed in denaturing BSA are the anionic surfactant, with a higher denaturation 

efficiency in the case of branched surfactants. Amphoteric and non-ionic surfactants, instead, interact 

with the protein to change partially the protein conformation, but are unable to achieve full exposure of 

the tryptophan to the hydrophilic environment. Moreover, a good correlation was found between the 

fluorescence data and the MS data  (Figure 62) at 300 ppm, where LAS and Lial are mainly affected by 

the interactions with the protein, whereas the amine oxide are the least interacting with BSA at this 

level.  

 

Figure 67  – Plot of fluorescence intensity of BSA at 1 mg/mL in absence (black) and in presence of surfactants at 300 ppm 
concentration or after thermal denaturation. 

 

6.5 Oil emulsification by surfactants 

An understanding of the interaction between surfactant and oil was investigated by looking at emulsion 

stability for a range of surfactants. As in the previous cases analysed in this chapter, the target surfactant 

concentration is 300 ppm, which represents the average surfactant concentration in a sink where dishes 

are hand washed via dipping and scrubbing processes. Therefore, analysis of emulsion stability on 

different surfactant types were run at this concentration in Turbiscan. The results are shown in Figure 
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66, where the higher transmission at the plateau is related to a more extensive creaming. As a result, a 

lower transmission at the plateau indicates better emulsification. In Figure 68a, the comparison between 

different surfactant classes is shown and the effect of different parameters as head group size and 

branching degree can also be highlighted. The resulting structure-function model for surfactant 

emulsion stability is presented in Figure 69 and it was found that the efficiency of surfactant packing 

around oil droplets impacts emulsion stability. In general, the lower transmission was observed for 

amine oxides surfactant (C9-C11 AO, C11 AO, C10 AO). This outcome was expected, as these 

surfactants are not charged at pH 8. When the surfactant monomers are packed around oil droplets, the 

absence of accumulated charge on surfactant head enables the surfactant to get closer (as no electrostatic 

repulsion is experienced) and an increase in the packing is obtained as a result. The increased packing 

induces a stabilization of oil droplets which avoids or causes a delay in the creaming. For the same 

reason, anionic surfactants have the higher transmission and worst emulsion capacity. The electrostatic 

repulsion between surfactant heads requires larger distances between surfactant when they are around 

oil droplets, therefore the packing is worst, and the emulsion is less stable.  

 

The effect of surfactant head size can be seen by comparing C11 AO with C11 CapAO. Both surfactants 

have the same alkyl chain length, but the head group in the CapAO monomers is bigger than C11 AO. 

It can be deduced that the presence of a bigger head group leads to less stable emulsions, as 

demonstrated by the lower transmission measured in the case of CapAO. The lower emulsion stability 

for big head surfactants can be explained by considering that, when surfactant with big head groups 

pack around oil droplets, there is empty space between surfactant tails, and water can penetrate and 

destabilize the emulsions. This is also confirmed in the case of alkyl sulfate surfactants (Figure 67b), as 

the transmission is higher in the case of AE3S and AE1S surfactants compared to SDS. When analysing 

different types of alkyl sulfate surfactants, lower transmission was observed in the case of branched 

surfactant, as the branching improves the packing around oil droplets. Moreover, an optimum degree of 

branching needed for emulsion stability was found by analysing the transmission data. In fact, Lial AS 

(55% branching) is more stable that Isalchem AS (95% branching) and Shell AS (18% branching). 
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Therefore, a branching degree around 50% most likely induces a better packing around oil droplets than 

a lower (where there is still residual water between the alkyl tail) or higher branching degree (probably 

because of steric hindrance due to the high content of branched monomers). The type of branching 

affects the emulsion stability as well, as deduced by the comparison between Lial AS and Safol AS. 

The presence of C2-methyl branching leads to better emulsion stability than terminal cyclic branching, 

as in the case of Safol AS. This can be justified by considering that the branching in terminal position 

leads to lower packing around oil droplets and to less stable emulsions, as a consequence. 

 

 

Figure 68  – Plot of average light transmission as a function of time for corn oil emulsions generated in Turbiscan. The 
emulsions were obtained via addition of 5% corn oil in 20 mL of surfactant solution at 300 ppm in water at 15 °dH. The 
emulsions were generated by mixing for 2 minutes at 1600 rpm and at 35 °C and the transmission was measured in the centre 
of the vial for about 20 minutes. On the left (a), a series of different surfactant classes are compared. On the right 9b), 
transmission profiles for alkyl sulfate with different surfactant head size and branching degree are shown. 
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Figure 69 – Structure-function model for emulsion stability. The model is based on turbiscan data collected for surfactant at 
300 ppm and 35 °C. 

 

6.6 Conclusions 

In this chapter, the interactions between surfactants with common components found in food soil (eg. 

starch, BSA and corn oil) were investigated. Surfactants with different structure properties were studied 

to achieve an understanding on the effect that surfactant structure has on the interaction with soil 

components. Our aim was to identify which surfactant properties are needed to lower the interaction 

between surfactants and starch or proteins and enhance emulsion stability, so that cleaning is enhanced. 

 

The interaction between surfactants and starch, through surfactant inclusion in the amylose helix, was 

assessed via surface tension and mass spectrometry. Comparison between mass spectra of the surfactant 

solutions, with and without 2% starch, led to the quantification of the percentage of surfactant inclusion 

in the amylose helical structure. A structure-function relationship was found for surfactant inclusion in 

amylose and the efficiency of inclusion was found to depend on the surfactant chain length, head group 

size and type, as well as the presence of branching in the alkyl chain. The model shows that surfactants 

with shorter chain length, because of their lower hydrophobicity, are less affected by the interaction 

with amylose than the ones with longer alkyl tails. Moreover, if the surfactant has a large head group, 

a decrease in surfactant inclusion, within the amylose helix, was observed, as a consequence of steric 

hindrance. For the same reason, the presence of branching prevents the inclusion in the helical structure, 
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as this results in a surfactant diameter that is bigger than the inner diameter of the amylose helix.  It is 

also important to consider the head group charge of the surfactant, as amphoteric surfactants are more 

hydrophobic than ionic surfactants and they are more involved in the interaction with amylose, as a 

consequence. The MS data were confirmed via surface tension, where an increase in surface tension 

was observed when starch was added to a surfactant that is highly included in the amylose helix. 

 

The same parameters related to surfactant structure were found to be significant when determining the 

strength of the interaction with BSA. As with starch, a relationship between the surfactant structure and 

the efficiency of denaturation of BSA was found. The main factors controlling protein denaturation 

were found to be surfactant head group charge and chain length.  In general, anionic surfactants 

denaturate BSA more efficiently than amphoteric and non-ionic surfactants, as specific binding occurs. 

Moreover, longer alkyl tail surfactants are better denaturing agents, as the hydrophobic interactions 

between the surfactant alkyl tail and the hydrophobic domains of the BSA are stronger. For surfactants 

with similar head group charges, the interaction with BSA is enhanced by the presence of branches or 

by bigger head size, as these features help to stabilize the unfolded protein by increasing packing around 

hydrophobic domains. 

 

Emulsions were generated by adding corn oil and the transmission of light through each emulsion 

suspension was measured to investigate the relationship between surfactant structure and emulsion 

stability. The charge of surfactant head group charge was found to be an important parameter for 

emulsion stability, as amine oxide class was found to lead to better emulsification at pH 8. This is a 

consequence of the closer packing achieved by uncharged surfactant around oil droplets because of the 

absence of electrostatic repulsions between surfactant head groups. The size of surfactant head group 

was found to also have an influence, with bigger head groups leading to worse packing and more 

unstable emulsions. Branching also impacts emulsion stability, where a 50% degree of branching was 
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found to be the optimum for emulsion stability. Moreover, C2-methyl branched surfactants are more 

efficient in stabilising emulsions than surfactant with branches placed at the end of the alkyl tail. 

 

The work carried out in this chapter has, therefore, identified what structural properties a surfactant 

should have, in order to enhance the interaction with food soil components. These findings can be 

employed to identify which surfactants should be ideally included in a detergent formulation in order 

to maximize the interactions with the components of the soil, and hence enhance the cleaning.  
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Chapter 7. Concluding remarks and future works 

7.1 Conclusions 

In this thesis, surface modification of polyester and cotton fabric via soil release polymer deposition 

was studied. Different classes of SRP were selected, based on charge and/or chemical structure of the 

polymer, and deposition parameters such as pH, agitation speed and water hardness were investigated. 

It was found that all classes of SRP investigated were effective in modifying polyester, but not cotton, 

probably because of the higher hydrophilicity of the latter.  

 

In Chapter 3, the use of streaming potential and UV/vis absorption measurements provided insights into 

the thermodynamics and kinetics of deposition of PEG-POET SRPs. Among this class of SRP, the non-

ionic SRN240 showed better efficiency of deposition at pH 8 than the anionic SRA300F, which is 

probably related to the electrostatic repulsion between polyester and SRA300F, both negatively 

charged. It was found that faster kinetics and higher efficiency of deposition were achieved for both 

SRPs at pH 4, than pH 8. Yet, the use of water hardness was found to enhance the deposition of only 

SRA300F, as a consequence of lower electrostatic repulsions between SRP and polyester. Changes in 

surface roughness, hence surface area, were found on PEG-POET-modified polyester. Moreover, PEG-

POET-modified polyester was found to be more hydrophilic than unmodified polyester. NMR 

measurements of the self-diffusion coefficient of water, inside these SRP-modified fabrics, suggested 

that two different mechanisms of deposition were possible, depending on the SRPs. It was hypothetised 

that SRA300F forms a film on top of the polyester, wherease a mechanism based on pore clogging was 

hypothetised for SRN240. 

 

In Chapter 4, deposition of PEG-4-MEMA/METAC SRPs on cotton and polyester was investigated. 

The use of thermal gravimetric analysis (TGA) and streaming potential measurements indicated SRPs 

with higher MEMA content (60%) resulted in greater deposition on polyester at pH 8, probably as a 
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consequence of stronger hydrophobic interactions. No meaningful deposition of PEG-4-

MEMA/METAC was observed on cotton,s even if electrostatic attraction was expected to occur 

between the cationic SRPs and cotton, which is negatively charged. 

  

In Chapter 5, the effect of SRPs deposition on soil removal was evaluated for all SRPs, both on cotton 

and on polyester. The poor grease removal from cotton fabrics which had been pre-treated with SRPs 

appeared to confirm the hyphotesis that the SRPs classes investigated did not deposit on cotton. Within 

the PEG-POET class of SRP, SRN240 was found to lead to better soil removal than SRA300F, 

suggesting a correlation between efficiency of deposition of SRPs and soil removal. Similar benefits 

were found for lard removal on polyester pre-treated with PEG-4-MEMA/METAC SRPs, compared to 

untreated polyester, confirming the hypothesis that a similar amount of the three polymers was 

deposited.  An understanding on BSA affinity to polyester, with and without pre-conditioning with 

SRPs, was reached. A combination of streaming potential and bicinchoninc acid (BCA) assays were 

used to assess the amount of BSA deposited. Results showed that BSA has a higher affinity to polyester 

at pH 4, than pH 8, probably because of electrostatic attraction between positively charged BSA and 

negatively charged polyester at this pH.  Moreover, it was found that BSA deposition is enhanced by 

PEG-4-MEMA/METAC SRPs and decreased by PEG-POET SRPs at pH 7.2, whereas the opposite 

occurs at pH 4. These results suggest that deposition of BSA on polyester is mainly driven by 

electrostatic interactions. Release of BSA from the fabrics after deposition was also assessed, 

highlighting that SRPs don’t deliver any benefits on BSA release at pH 7.2. An improvement in the 

quantity of BSA release was found for PEG-4-MEMA/METAC SRPs at pH 4, probably as a 

consequence of the lower adhesion of BSA to the fabric when the polymer is present. 

 

In Chapters 3 and 4, the interactions between SRPs and surfactants, commonly used in laundry 

detergents, were assessed in bulk by surface tension measurements. A lack of interactions in solution 

between surfactants and SRPs is usually required, so that SRPs are free to deposit on polyester and 



 

157 
 

surfactants are in solution, interacting with the soil and leading to cleaning. Studies on the interaction 

between SRPs and anionic and amphoteric surfactants were carried out in Chapter 3 and 4 Results 

showed that Isalchem AS, which is a lauryl alkyl sulfate containing 95% of C2-methyl isomers, did not 

interact with any of the SRPs at this level. SDS, AE3S and LAS interacted with PEG-4-MEMA/METAC 

SRPs, as expected, being SRPs cationic and analysed surfactants anionic. Instead, SRA300F did not 

interact with any of the anionic surfactants, in line with what described in literature160. Interactions 

between amphoteric surfactants (not charged at pH 8) and cationic/ anionic SRPs were observed. The 

non-ionic SRN240 showed weak interactions with SDS and AE3S, which is in line with results from 

Yang and Rathman at this SRP concentration160. To sum up, Isalchem AS is a good surfactant to 

combine with SRPs as it does not interact with these polymers, while amphoteric surfactants are only 

suitable to be combined with non-ionic SRN240, as there is no meaningful interactions in this case. 

Anionic SRA300F can be used in combination with of AE3S, LAS or SDS (and anionic surfactants, 

more in general) in order to prevent any coacervation or surfactant-polymer complex formation. This, 

demonstrates that the selection of the SRP most appropriate for a laundry formulation is influenced by 

the charge of the surfactants within the formulation. 

 

In Chapter 6, the interactions of surfactants with model components commonly found in food stains 

were investigated.  It was observed that soil removal is enhanced from polyester surfaces where SRPs 

were deposited. However, it is equally important to prevent the re-deposition of any removed soil, which 

can be achieved by including surfactants, which promote good emulsion stability and efficient protein 

denaturation, in laundry detergent formulations. To this end, certain interactions between surfactants 

and soil components should be avoided, as they result in lowering the amount of surfactant monomers 

available in solution, affecting the efficiency of cleaning. For instance, the inclusion of surfactant 

monomers in the helical structure that amylose forms in solution reduces the number of surfactant 

monomers left in solution. In this thesis, we investigated the interaction between food soil components, 

such as starch, BSA and oil, and several surfactants, which differ in respect to head group size and 

charge, length of the alkyl tail and branching degree. Starch was chosen as a representative of 
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polysaccharides, typically present in many stains of food origin. The efficiency of inclusion in the 

amylose helix structure as a function of surfactant structure was investigated by mass spectrometry and 

surface tension. It was observed that structural features of surfactant that enhanced inclusion in amylose 

helix are the ones that leads to high surfactant hydrophobicity, as presence of linear and long alkyl tail, 

as well as small and not charged head. The effect of surfactant structure on BSA quenching and 

denaturation was studied by fluorescence spectroscopy and mass spectroscopy. The interaction was 

found to be favoured in the case of ionic surfactants, because of specific binding occurring between 

surfactant heads and charged amino acids presents along the protein chain. Branched and/or big head 

surfactants were found to denature BSA more, as there is a better stabilization of the hydrophobic 

domains in the unfolded protein. The effect of surfactant chain length on the interaction with protein 

was highlighted, where the longer the tail, the stronger is BSA quenching, as already reported in 

literature161. Finally, emulsion stability as a function of surfactant structure was investigated, identifying 

a relationship between surfactant structure and speed of creaming.  Turbiscan data suggested that the 

best surfactant to stablise the emulsion was an amphoteric/non-ionic surfactant with a small head group 

size and that had a 50% branching degree. Our observations on the interactions between surfactant and 

different soil components suggests that there is no single surfactant that is poorly included in the 

amylose helix and that efficiently denaturates protein at the same time. The use of branched surfactants 

seem to be  the most promising option to achieve an optimum for these interactions. However, a  balance  

between poor inclusion in amylose helix and efficiency in denaturatig protein has to be found when 

choosing charge and size of surfactant head and length of the alkyl tail, as opposite structural features 

are needed to optimize the interaction with starch, proteins and oil.  

 

7.2 Future Work 

The results presented in this thesis help to design a laundry formulation including a SRP that efficiently 

deposit on polyester, improving its cleanability. However, further studies are needed to determine the 

most appropriate surfactant-SRP combinations leading to improved cleaning. While understanding of 

the surfactant-SRPs interactions in bulk was achieved,  the next step will be to assess how the presence 
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of surfactants affects the pre-conditioning of polyester with SRPs.. This will need to be achieved by 

assessing changes in surface charge, soil removal index, surface wettability, roughness and surface area, 

in the presence of surfactants. Indeed, different effects on these parameters can be expected if there is 

competition or enhancement in deposition between surfactant monomers and SRPs. The selection of 

surfactants SRP combinations should be based on the structure-function correlation model developed 

in this thesis on surfactant-soil interactions.  

 

Lastly, this work has focused on the interactions between single food soil components and surfactants. 

In reality, most stains are composed of a combination of oil, proteins, polysaccharides and solid 

particles. Therefore, the next step in this research would be to assess the effect of a combination of 

different soil components on surfactant availability. A correlation between the structure-function 

models developed in this thesis andstain removal indexes for real food stains would be achieved. The 

use of scattering techniques as SAXS and SANS may help to characterise any resulting complexes 

between surfactants with SRPs, starch or amylose, while X-ray reflectometry (XRR) may give insights 

on the composition of polymer-surfactant mixture at the air/water interface. 
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Appendix 
Appendix I 
 

List of surfactants used in this research classified by group head charge. All the structures and main 
structural features are proposed. 

Surfactant 
charge 

name notation Molecular structure Structural 
feature 

Supplier 

anionic Octyl alkyl 
sulfate 

C8 AS  

 
n=7 

linear Sigma 
Aldrich 

Sodium 
dodecyl 
sulfate 

SDS  

 
n=11 

linear Sigma 
Aldrich 

Sodium 
Lauryl 
sulfate 

SLS  

 
n=11,13 

linear Sigma 
Aldrich 

Shell Alkyl 
sulfate 

Shell AS  

 
n=11,12 

 
n=1-4, m=8→5, 9→6 

42% C12, 
56% C13, 
18% branched 

Shell 

Lial Alkyl 
Sulfate 

Lial AS  

 
n=11,12 

 
n=8,9 

43% C12, 
57% C13, 
55% branched 

 

Safol Alkyl 
Sulfate 

Safol AS  

 
n=11,12 

48% C12, 
47% C13, 
50% branched 
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n=5,6 

Isalchem 
Alkyl 
sulfate 

Isalchem 
AS 

 

 
n=11,12 

 
n=8,9 

43% C12, 
57% C13, 
95% branched 

 

Alkyl mono-
ethoxy-
sulfate  

AE1S  

 
n=11,13, p=0,1 

C12-C14 AS 
C12-C14 
AE1S 

 

Alkyl tri-
ethoxy-
sulfate 

AE3S  

 
n=11,13, p=0,1,2,3 

C12-C14 AS 
C12-C14 
AE1S 
C12-C14 
AE2S 
C12-C14 
AE3S 

 

Lauryl 
Alkyl-
benzen 
Sulfonate 

LAS  

 
n=7 →4 m=1→4 
n=8 →5 m=1→4 
n=10 →7 m=1→4 

C11-C12-C14 
LAS, 
50% branched 

 

amphoteric C10 
Dimethyl 
Amine 
oxide 

C10 AO  

 
n=8 

linear  

C11 
Dimethyl 
Amine 
oxide 

C11 AO  

 
n=9 
 
 
 

linear  
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C9-C11 
Dimethyl 
Amine 
oxide 

C9-C11 AO  

 
n=7,9 

linear  

C12-C14 
Dimethyl 
Amine 
oxide 

C12-C14 
AO 

 

 
n=10,12 

linear  

Cocoamido 
propyl 
amine 
oxide 

CapAO  

 
n=10 

Linear, big 
head 

BASF 

Cocoamido 
propyl 
Betaine 

CapBetaine  

 
n=10 

Linear, big 
head 

BASF 

non-ionic Decil-
octaethoxy 
alchool 

Marlipal  

 
n=8, m=8 

linear Sasol 

cationic Dodecyl 
dimethyl 
ammonium 
chloride 

DDAC  

 
n=9 

QUAT Sasol 
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Appendix II 
 

a) Differential scanning calorimetry plot of SRN240. A conventional DSC scan was run, using a 
heating rate of 10 °C. 

 

 

b) Differential scanning calorimetry plot of SRA300. A conventional DSC scan was run, using a 
heating rate of 10 °C. 
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Appendix III 
 

List of m/z ratio present in each of the surfactants analysed in this thesis and that were used for surfactant 
quantification in presence and in absence of soil. For each m/z ratio, the chemical structure is presented, as well 
as the relative content of each m/z in each surfactant and the branching degree. 

Surfactants ESI 
mode m/z Isomer  

Chemical structure 

Octyl sulphate (-)-ESI 209.4 C8 AS Linear 

 

 
 

 
 
n=7 

Sodium 
dodecyl 
sulphate 

(-)-ESI 265.5 C12 AS Linear 

 

 
 

 
 
n=11 

Sodium 
Lauryl 

sulphate 
(-)-ESI 

265.5 C12 AS Linear 
 

 
 

 
n=11 

293.4 C14 AS Linear 
 
n=13 

Shell AS (-)-ESI 

265.5 C12 AS 
(42%) 

18% 
branched 

 

 
 

 
 
n=11  

 

 
 

 
 
n=1 → 4 
m=8→5 

279.4 C13 AS 
(56%) 

 

 
 

 
 
n=13 

     

     
 

 
 
n=1 → 4 
m=9→6 

Lial AS (-)-ESI 

265.5 C12 AS 
(43%) 

55% 
branched 

 

 

 
 

n=11 

 
 

 
 

 
 

n=8 

279.4 C13 AS 
(57%) 

 

 
 

 
 

n=12 

 
 

 

 
 

n=9 
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Safol AS (-)-ESI 
265.5 C12 AS 

(48%) 50% 
branched 

    

 
 

 
n=11 

 
 

 
 

 
n=5 

279.4 C13 AS 
(47%) 

 
n=12 

 
n=6 

Isalchem AS (-)-ESI 

265.5 C12 AS  
(43%) 

95% 
branched 

 

 
 

 
n=11 

 

 

 
n=8 

279.5 C13 AS 
(57%) 

 
n=12 

 

 
n=9 

Alkyl mono-
ethoxy-
sulphate 
(AE1S) 

(-)-ESI 

265.5 C12 AS  

Linear 

     

 
 

 
n=11 

293.5 C14 AS 
 
n=13 

309.6 C12 AE1S 

 

 
 

n=10 
p=1 

353.6 C14 AE1S 

 

 
 

n=10 
p=2 

Alkyl tri-
ethoxy-
sulphate 
(AE3S) 

(-)-ESI 

265.5 C12 AS  

linear 

 

 
 

 
n=11 

 

293.6 C14 AS 
 
n=13 

 

309.6 C12 AE1S 

 

n=10 
p=1 

337.6 C14 AE1S n=14 
p=1 

353.6 C12 AE2S n=10 
p=2 

381.6 C14 AE2S n=14 
p=2 

397.6 C12 AE3S n=10 
p=3 

425.7 C14 AE3S n=14 
p=3 

Linear Alkyl 
Benzen 

Sulphonate 
(LAS) 

(-)-ESI 

297.5 C11 LAS 

 
50% 

branched  

 

 
 

n=7 →4 
m=1→4 

311.5 C12 LAS 

 
 
 

 
 

 

n=8 →5 
m=1→4 
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325.5 C14 LAS 

 

 
 

n=10 →7 
m=1→4 

C10 Dimethyl 
Amine oxide (+)-ESI 202.5 C10 AO linear 

 

 
 

n=8 

C11 Dimethyl 
Amine oxide (+)-ESI 216.4 C11 AO linear 

 

 
 

n=9 

C9-11 
Dimethyl 

Amine oxide 
(+)-ESI 

202.5 C9 AO 

linear 

 

 
 

n=7 

216.5 C11 AO 

 

 
 

n=9 

C12-C14 
Dimethyl 

Amine oxide 
(+)-ESI 

230.5 C12 AO 

linear 

 

 
 

n=10 

258.5 C14 AO 

 

 
 

n=12 

Cocoamido 
propyl amine 

oxide 
(CapAO) 

(+)-ESI 301.5 C11 CapAO linear 

 

 
 

n=10 

Cocoamido 
propyl 
Betaine 

(+)-ESI 343.6 C11 
CapBetaine linear 

 

 
 

n=10 
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