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Self-assembly behavior in systems containing surfactants and chelating agents
Understanding the Influence of Surfactant Head Groups and Chelating Agents on
Cleaning Solution Properties
FRIDA JACOBSSON
EMELIE NERO
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
Cleaning products play a crucial role in effectively maintaining a healthy and
hygienic living environment. In all cleaning formulations ingredients like chelating
agents and surfactants are essential for the products’ performance. This study
investigates the self-assembly of surfactants in the presence of chelating agents and
their influence on the physicochemical properties and cleaning efficiency of
cleaning formulations. The formulations consist of a nonionic surfactant, a
chelating agent and a secondary surfactant. Three amine-based secondary
surfactants were evaluated, including an amphoteric surfactant, an amine oxide,
and a quaternary ammonium compound (quat). The chelating agents evaluated
were L-glutamic acid N,N-diacetic acid tetrasodium salt (GLDA), methylglycine
N,N-diacetic acid trisodium salt (MGDA), ammonium citrate and citric acid.

The study focuses on how these components affect clouding temperature, viscosity,
foaming, wettability, and surface tension. Results show that clouding temperature,
viscosity, and foaming are notably impacted by the choice of secondary surfactant
and chelating agent, whereas surface tension remains unchanged. Amphoteric
surfactants, in particular, reduce the salting-out effect of chelating agents like
MGDA and GLDA, likely due to the similarity between their molecular structures.
This interaction is hypothesized to lower the critical packing parameter (CPP),
leading to smaller, more spherical micelles that increase solubility, raise clouding
temperature, decrease viscosity, and improve foaming. These changes could enable
higher concentrations of active ingredients, resulting in more concentrated,
energy-efficient products with reduced packaging needs.

Cleaning performance tests on model soils revealed that formulations combining
amphoteric or amine oxide surfactants with GLDA or MGDA were most effective
across various surfaces and soil types, especially at higher concentrations of chelating
agents. These findings suggest that combining amphoteric surfactants with GLDA
or MGDA could lead to the development of more concentrated, sustainable cleaning
products.

Keywords: Surfactants, Chelating agents, Surface cleaning, MGDA, GLDA, Citric
acid, Ammonium citrate, Quat, Amine oxide, Amphoteric.

v





Acknowledgements
Firstly we would like to thank Nouryon for the ability to perform laboratory work
in their facilities and for being so helpful and interested in our work. A huge thank
you to our amazing supervisor Josmary Velásquez who have always made time for
us and supported us throughout this project. You have provided us with chemicals,
materials and taught us how to use various lab equipment. We are very grateful for
your help and enthusiastic approach. Further, we would also like to thank Romain
Bordes for welcoming us to the Division of Applied Chemistry and for providing us
with great inputs. Your interest in surface chemistry really inspires us.

Frida Jacobsson and Emelie Nero, Gothenburg, June 2024

vii





List of Abbreviations and
Acronyms

Below is the list of abbreviations and acronyms that have been used throughout this
thesis listed in alphabetical order:

CMC Critical micelle concentration
CP Cloud point
CPP Critical packing parameter
GLDA L-glutamic acid N,N-diacetic acid tetrasodium salt
MGDA Methylglycine N,N-diacetic acid trisodium salt
Quat Dodecyltrimethylammonium chloride
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Nomenclature

Below is the nomenclature of indices and parameters that have been used throughout
this thesis.

Indices

S Solid
L Liquid
G Gas

Parameters

γSG Surface tension of the solid
γSL Interfacial tension between liquid and a surface
γLG Surface tension of the liquid
θ Contact angle between a liquid drop and a surface
S Spreading coefficient
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1
Introduction

1.1 Background

Cleaning products play a crucial role in e�ectively maintaining a healthy and
hygienic, as well as aesthetic living environment. These products range from
household degreasers to the toughest industrial and institutional cleaning
solutions. In all cleaning formulations ingredients like surfactants and chelating
agents are essential for the products' performance [1].

A company that specializes in this �eld is Nouryon, a global specialty chemicals
leader. This project will be carried out in collaboration with Nouryon Surface
Chemistry in Stenungsund and the Division for Applied Chemistry at Chalmers
University of Technology. The main goal for Nouryon, within the cleaning market,
is to discover sustainable, natural and cost-e�ective products and formulations.
Nouryon is a distributer of surfactant cleaning solutions to custumers who dilute
and modify these solutions in various ways to produce di�erent cleaning products.
One of Nouryon's biggest challenges is to increase the concentration of the active
ingredients in their products. More concentrated products uses less energy when
manufactured and transported and also requires less resources for packaging [2].
This decreases the cost of the products and reduces their environmental impact.

In order to achieve e�cient cleaning, the surfactants are very hydrophobic and
therefore present a poor solubility in water. To solubilize these hydrophobic
surfactants more hydrophilic surfactants are added as solubilizers, which in this
project will be referred to as secondary surfactants. When these two surfactants
are mixed, the combination will promote the formation of micelles and improve the
solubilizing capability [3]. Unfortunately, for these hydrophobic surfactants to be
soluble in water, in combination with the secondary surfactants, the amount of
water must be su�ciently high [2]. This prevents formulations of highly
concentrated solutions. If the surfactant solutions could be more concentrated,
more cleaning products could be made from the same amount of solutions
produced making it more cost-e�ective and sustainable.

In 2021, a patent was �led by Nouryon claiming the discovery of a cleaning
formulation containing a chelating agent and an amphoteric surfactant that
worked better at dissolving the hydrophobic nonionic surfactant in water than just
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1. Introduction

the amphoteric surfactant alone. This allowed to reduce the water content in the
solution making it possible for more concentrated liquid cleaning formulations.

Chelating agents are chemicals that control the reactivity of metal ions [4]. In hard
water, calcium and magnesium ions leaves residues on surfaces and enhance the
bonding of dirt. The chelating agents "catch" these ions, improving the cleaning
power of the product. However, introducing chelating agents to surfactant systems
usually promotes salting out of the surfactants dissolved in the water [5]. This
means that with increasing concentration of chelating agent the solubility of the
surfactant decreases. When chelating agents were introduced to systems containing
both nonionic surfactants and amphoteric surfactants this was not the case. This
deviant behaviour is not well understood and neither is how it a�ects the cleaning
abilities of these systems. Therefore di�erent surfactant-chelating agent systems will
be studied to evaluate the behaviour and properties of those systems to determine
what sets them apart and if other deviations are found.

1.2 Aim

This work aims to evaluate how the properties of systems containing nonionic
surfactants, chelating agents and amine-based secondary surfactants are in�uenced
by the nature of the secondary surfactants' head group and the type of chelating
agent. The e�ect of the di�erent components have on the systems' cleaning
abilities will also be evaluated.

1.3 Research questions

The following questions are at the centre of this study: How does the nature of
the secondary surfactants' head group and the type of chelating agent in�uence
the physicochemical properties of the formulated systems? What is the impact
of varying the type of chelating agent and secondary surfactant on the cleaning
performance of the systems? What underlying mechanisms can explain the observed
variations in the properties and performance of the formulated systems, particularly
regarding the in�uence of the secondary surfactants' head group and the type of
chelating agent?

2



2
Theory

2.1 Cleaning

Cleaning is a broad concept. A general de�nition can be that it is the process of
removing undesired elements like dirt, pathogens, and various contaminants from
either an object or its surroundings. Depending on the type of cleaning, di�erent
processes are used. In this report the focus is on cleaning of hard surfaces using a
cleaning agent in combination with water. These cleaning agents are usually referred
to as detergents.

Dirt adheres to surfaces by di�erent forces, for example van der Waals forces and
electrostatic interactions [6]. To remove the soil, interactions between the
components in the cleaning agent with the soil and the surface are required. Some
soils are water-soluble and some are water-insoluble, making the use of the right
detergent, to achieve the wanted e�ect, crucial. The fact that there are near
endless combinations of di�erent soils and surfaces is why the research and
development of new and improved detergents is still very relevant and why there
are a lot of patented cleaning processes. Modern detergents are typically
customized to suit the requirements of each particular application.

To e�ectively clean a surface, the water, along with the detergent, must su�ciently
wet the surface. This requires the washing water to spread evenly across the dirty
surface. In other words, it must have a low contact angle, which is achieved by
low surface tension. Contact angle and wetting will be described more thoroughly
in sections 2.5.1 and 2.5.3 respectively. After the water has wet the surface the
detergent can interact with the soil and start the process of removing it. When the
soil is removed from the surface and dispersed in the water it must be prevented
from readsorbing onto the surface. The soil removal process is explained further in
section 2.6.

2.1.1 Cleaning formulation components

The de�nition of a detergent is "a surfactant (or a mixture containing one or more
surfactants) having cleaning properties in dilute solutions" [7]. In household
settings, the term "detergent" is typically used when talking about laundry or
dishwashing detergent. Such products consist of blends of di�erent compounds,

3



2. Theory

where not all of them are considered to be surface active. In this report, these
cleaning mixtures will be referred to as cleaning formulations. Cleaning
formulations can consist of surfactants, polymers, chelating agents, solubilizers,
biocides etc [1]. For the cleaning formulations formulated in this project, a
nonionic surfactant, a solubilizer (secondary surfactant) and a chelating agent were
mixed together with water. The nonionic surfactants' main role is to remove the
soil from the surface, the solubilizer is used to dissolve the nonionic surfactant in
the water, i.e raise the cloud temperature, and the chelating agent is used to
decrease the e�ects that hard water has on the surfactants.

2.2 Surfactants

The active ingredient in a cleaning formulation, the surfactant, is a molecule that is
amphiphilic. It has a hydrophilic head group and a hydrophobic alkyl chain, often
referred to as the tail. The surfactant, or surface active agent, has an a�nity for
interfaces. At an interface, surfactants reduce the interfacial tension [6]. Not all
surfactants migrate to the interface, there are also surfactants in the bulk, dissolved
as unimers, or in micelles.

The polar group of a surfactant can be charged or non-charged, dividing surfactants
into di�erent classes: nonionic and ionic. Ionic surfactants can either be positively
charged or negatively charged, or both, which divides them into the categories:
cationic, anionic and zwitterionic [8].

2.2.1 Nonionic surfactants

Nonionic surfactants are commonly used in detergency, both household and
industrial, and has an important role as an emulsi�er. The polar group of a
nonionic surfactant is usually a polyoxyethylene consisting of 5-10 ethylene oxide
units. It can also be a polyhydroxyl group. Since nonionic surfactants are neutral,
they are normally compatible with all other types of surfactants. Ethyleneoxide
based surfactants are stable to pH, electrolytes and hard water. Their
physicochemical properties are, however, dependent on temperature. Increased
temperature reduces the hydrogen bonding between the polar groups and the
water molecules , resulting in a higher hydrophobicity of the surfactants at
elevated temperatures, often referred to as cloud point [9]. Foaming is more active
below the cloud point [10], and above the cloud point the surfactant act as a
defoamer [11]. A disadvantage with nonionic surfactants is that they can be
harmful to skin, since they can be oxidized in air [8].

2.2.2 Ionic surfactants

In an aqueous solution, the head group of an ionic surfactant dissociates into
ions [12]. Anionic surfactants become anions, cationic surfactants become cations
and zwitterionic surfactants dissociate into both anions and cations [8]. This
happens by the dissociation of their counterions, which still are in close contact to
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2. Theory

the surfactant. Anionic and cationic surfactants are normally incompatible and
would precipitate upon mixing [13]. Zwitterionic surfactants are however
commonly suitable in mixtures with other classes of surfactants [14]. Ionic
surfactants are partly used to increase the cloud point, or solubility, of a nonionic
surfactant [15].

2.2.2.1 Anionic surfactants

Anionic surfactants holds the majority of the surfactant market, and it is
estimated to be around 70%. Its success comes from low manufacturing costs and
ease of production [8]. Detergency, both industrial and household, and pesticides
are the main applications of anionic surfactants [16]. Anionic surfactants are used
as wetting, spreading, emulsifying, foaming and dispersing agents [17]. The success
of anionic surfactants in detergency is because of their ability to bind to and
remove positively charged particles as clay. They also generate more foam than
other classes of surfactants [15].

Common polar groups for anionic surfactants are sulfonate, sulfate, carboxylate and
phosphate, which are combined with counterions as sodium, potassium, ammonium,
magnesium, calcium and protonated alkyl amines. The choice of counterion can
increase the solubility of the surfactant in oil or water, or both depending on their
intended application [8].

2.2.2.2 Cationic surfactants

Cationic surfactants are most frequently used in fabric softeners, personal care
(e.g. conditioners), antistatic agents, corrosion inhibitors, particle dispersants and
emulsi�ers [18]. Their �eld of application comes from their positive charge, which
enables adsorption to most surfaces, which are normally negatively charged [8].
Cationic surfactants contain nitrogen-based functional groups as amine or
quaternary ammonium, referred to as quats, where the central nitrogen atom is
bonded to four alkyl or aryl groups [8]. Commonly halides as chloride and bromide
act as counterions in quats [19].

Quats are stable in regard to pH. They have disadvantages in personal care products
since they can cause skin irritation and allergies. Another disadvantage of quats is
their harmfulness to the environment since they are commonly toxic to aquatic life
and show low degradability [13] [19].

2.2.2.3 Zwitterionic surfactants

The interest in zwitterionic surfactants and their unique properties has signi�cantly
increased in the recent years. They have outstanding interfacial activity, low CMC
[20], and low eye and skin irritation which creates possible applications in personal
care [8]. The downside with zwitterionic surfactants is the increased manufacturing
cost and therefore they only hold about 5% of the market. This also contributes to
limited research within the �eld [20]. A zwitterionic surfactant which behavior is
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2. Theory

depending of the pH and which can dissociate into both anions and cations is called
amphoteric [8].

Groups that contain a positive charge are quaternary ammoniums, imidazoliums,
pyridiniums and phosohoniums, which are combined with anionic carrying groups
as carboxylates, sulfonates or sulfate groups in the polar head group. The positive
and negative charge in the head group is separated by a small segment such as
methylene. Zwitterionic surfactants have larger head groups than regular ionic
surfactants, which result in bigger micelles and lower CMC [20].

pH in�uences a system containing amphoteric surfactants. At low pH, they are
positively charged and at high pH they are negatively charged [21]. At the
isoelectric point, the amphoteric surfactant does not carry a charge and it
resembles a nonionic surfactant in terms of physicochemical properties [22].
Foaming, wetting and detergency are properties known to be a�ected by the pH
dependence of amphoteric surfactants [8].

One type of zwitterionic surfactant is amine oxides. At high pH they are neutral
and at low pH they behave as cationic surfactants [23]. This phenomenon is useful
in making pH-responsive systems. Anionic surfactants can also in�uence the amine
oxides to become cationic surfactants. Some authors refer to amine oxides as
nonionic or cationic surfactants [8]. Applications of amine oxide surfactants are in
detergency, cosmetics and drug delivery as they have good skin compatibility and
great dispersing and foam boasting ability [8],[24]. Straight-chain dimethyl amine
oxides form spherical micelles at least up until the alkyl chain of the surfactant is
12 C long, and from at least 18 C they form rod-like micelles [23].

2.2.3 Surfactants in this project

The surfactants used in this project are presented in Figure 2.1. The same
nonionic surfactant is used in all formulations and is called Berol® 260. It is a
C9 � C11 alcohol ethoxylate with four ethoxylate units. The secondary surfactants
investigated are an amine oxide-based surfactant, an amphoteric surfactant and a
cationic surfactant. They are used to solubilize the nonionic surfactant Berol®
260. The amine oxide based surfactant is called Aromox® MCD-W, with the
chemical name: cocodimethyl amine oxide. The second surfactant is Ampholak®
YCE which is an amine-based amphoteric surfactant of propionate type. Its
chemical name is sodium cocopropylenediamine propionates. The last surfactant is
a quat, a cationic surfactant, with the chemical name dodecyltrimethylammonium
chloride. All three secondary surfactants have the same length of the lipophilic
chain represented by R1 in Figure 2.1. It is 12 carbons long.
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2. Theory

Figure 2.1: Molecular structure of the surfactants: Berol® 260, Ampholak® YCE,
Aromox® MCD-W and dodecyltrimethylammonium chloride.

In Table 2.1 the physicochemical properties: pH, viscosity, density, cloud point and
surface tension of the surfactants are presented.

Table 2.1: Physicochemical properties of Berol® 260, Aromox® MCD-W,
Ampholak® YCE and dodecyltrimethylammonium chloride.

Surfactant pH
Viscosity

[mPa]

Density

[kg=m3]

Cloud point

[°C]

Surface tension

[mN=m]

Berol® 260 7-9.5a 50a 960a 55-59a 27a

Aromox® MCD-W 7-8b 50b 960b - 30b

Ampholak® YCE 6-7c � 150c 1047c - 39c

Quat 4-7.5d - 930d - 33e

aData adopted fromNouryon Product data sheet Berol 260[25].
bData adopted fromNouryon Product data sheet Aromox MCD-W[26].
cData adopted fromNouryon Product data sheet Ampholak YCE[27].
dData adopted fromChemical book: dodecyltrimethylammonium choloride[28].
eData adopted from Parchem Product speci�cation dodecyltrimethylammonium
chloride [29].

2.3 Interface adsorption and micellization

Interfacial tension is referred to as the amount of energy required to create a unit
area of interface between two immiscible phases. It can also be described as a result
of an imbalance in forces, which is described in Figure 2.2 c). In the bulk of a
liquid, a molecule experiences the same molecule and therefore the same force in all
directions, resulting in a net zero force. At an interface, a molecule experiences a
net force inwards the bulk since it lacks bulk molecules in the opposite direction,
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2. Theory

causing the interface to contract. Reduction in interfacial tension is favoured by a
close-packed interface and the maximum reduction in interfacial tension is reached
when micelles, large aggregates of surfactants, start to form in the bulk [8].

Figure 2.2: (a) a monolayer of surfactants between the air-water interface and (b)
the origin of surface tension caused by an imbalance in forces of a molecule located
at an interface.

The interfaces between air-water, oil-water and solid-water attract surfactants,
where they form a monolayer, see Figure 2.2 a). The surfactant locates itself with
its hydrophilic part in the polar phase and its hydrophobic part in the non-polar
phase. The driving force of surfactants migrating to an interface is to minimize the
interaction with water and is called the hydrophobic e�ect. Electrostatic
interactions also in�uence surfactant adsorption at interfaces for ionic surfactants.
In an aqueous medium, a surfactant binds with its counterion, known as
counterion binding. This interaction �xes the counterion's position, preventing it
from moving freely within the medium. The counterions are governed by a balance
of energy and entropy, where energy attracts the counterions to a charged surface
and entropy makes the counterions want to be spread out in a solution. The
assembly of counterions close to a surface is called the double layer, which is
governed by an electrostatic force and entropy. High counterion binding is
achieved when the electrostatic force is bigger than the entropy, which happens
when the surface charge increases [8].
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2. Theory

2.3.1 Critical micelle concentration

At the critical micelle concentration the �rst micelle forms. No more surfactants
migrate to the interface, and as a result, the surface tension has reached its
minimum. CMC can be measured with di�erent techniques since many properties
have a characteristic change at CMC, e.g. surface tension or solubilization. CMC
depends on e.g. the length of the alkyl chain, the type of polar group and the type
of counterion. The dependence of the length of the alkyl chain is according to
Traub's rule: adding one methylene group to the alkyl chain decreases the CMC
with a factor of two or three for ionic respectively nonionic surfactants. Ionic
surfactants have a much higher CMC than nonionics, and within the ionic group,
anionic surfactants have marginally lower CMC. The counterion is also important
for the CMC [8].

CMC also depends on physical properties. For ionic surfactants, CMC is
independent of temperature, while for ethylene oxide nonionic surfactants the
CMC decreases with increasing temperature. Addition of electrolytes is the most
important property which in�uences the CMC for ionic surfactants. The e�ect is
more predominant in long-chained surfactants [8].

The properties of a surfactant system are highly dependent on CMC, e.g.
solubility, surface tension and turbidity as seen in Figure 2.3. It shows that
solubilization requires a concentration much higher than CMC and how the surface
tension decreases drastically until CMC is reached.

Figure 2.3: Physicochemical properties dependence on CMC [30].
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2. Theory

2.3.2 Micelles

The driving force for micelle formation is hydrophobic interactions [8]. In an
aqueous solution above the CMC, the hydrophilic heads face the water and the
surfactants' tails face each other, where the alkyl chains are held together by Van
der Waals forces [8][31]. The alkane interior has lower energy than an alkyl chain
in water. Besides the attractive forces between alkyl chains causing micelles to
form, there are also opposing forces from the polar group. They are comprised of
charge-charge repulsion and hydration of the polar group. This creates an
equilibrium preventing micelles from growing endlessly. The opposing forces of
ionic surfactants are more predominant than for nonionic surfactants, partly
because of their head-to-head repulsion, however, mostly because of their
counterion binding [8]. Nonionic surfactants have therefore a much larger force for
micelle formation. It is a di�erence of about 100 times [32]. The CMC for nonionic
surfactants are therefore at signi�cantly lower values than for ionic surfactants.

Micelles are typically spherical. The micelle has a radius typically between 1.5-3
nm, which is the size of an extended alkyl chain of a surfactant. The alkyl chains
are, however, not extended in the micelle [8].

Micelles consist of a de�ned number of surfactants called the aggregation number.
It is dependent on the type of surfactant, temperature and electrolyte addition, and
is used to describe the size and shape of micelles [33].

Micellar growth for ionic surfactants is in�uenced by their structure, where longer
alkyl chains promote growth. If the temperature of the system is increased, growth
will decrease, however, increased surfactant concentration supports growth. The
counterion also has a major in�uence, it can either prohibit or promote growth
depending on which type it is. Addition of cosolutes to the system also has an
e�ect, where salt, medium to long-chain alcohols and aromatics induce the growth,
while alkanes and other non-polar solutes inhibit growth [8]. Nonionic micelles
behave di�erently than ionics. A smaller polar group leads to increased growth of
polyoxyethylene based micelles, where 4 to 6 oxyethylene units are most favorable.
There is no or little growth with 8 or more oxyethylene units. Temperature in�uences
nonionic surfactant-based micelles in contradiction to ionic ones; higher temperature
induces growth. While higher surfactant concentration also promotes growth for
nonionic surfactants [8].

Micelles are regularly described as spherical, however, they can also possess other
structures such as cylinders, bilayers and vesicles. Factors in�uencing the structure
are hydrophobic interactions, electrostatic repulsion, hydration or steric hindrance
and packing considerations. Concentration of surfactant, temperature and addition
of salt to the system can also in�uence the micelle structure [34]. Micelles and
their structure can be studied with di�erent techniques as NMR and light scattering
techniques [31]. Presented in Figure 2.4 is (a) a spherical micelle, (b) a cylindrical
micelle, (c) a �exible bilayer, vesicle (d) a planar bilayer and (e) a reversed micelle.
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Figure 2.4: Di�erent structures of micelles with their critical packing shape, where
the blue circle represents the head and the cone represents the tail. The CPP of
each structure is also noted.

2.3.3 Critical packing parameter

The geometry of micelles can be de�ned by the critical packing parameter, CPP,
which is a dimensionless number. It describes the relationship between the area of
the polar group, a, extended chain length, l, and volume, v, of the hydrophobic tail
of the surfactant according to equation 2.1.

CPP =
v

a lmax
(2.1)

The area of the head group is in�uenced by electrolyte addition for ionic surfactants
and temperature for nonionic surfactants. Including salt in an ionic surfactant
solution will increase the CPP and promote the formation of cylindrical micelles
instead of spherical ones. This is due to closer packing of the surfactants in the
micelles because the salt screens head-to-head repulsive forces [8].
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If the critical packing parameter is below one third, the surfactants will form a
spherical micelle. Typically nonionic surfactants with large head groups and ionic
surfactants in absence of electrolytes form spherical micelles [8]. The CPP for
other micelle structures is noted in Figure 2.1. If the CPP is increased a little then
cylindrical micelles will form. Around one bilayers are formed, and above one
reversed micelles are the dominant structure.

2.3.4 Mixed micelles

In most applications, there are not only one but several di�erent types of surfactants
in the system which can form mixed micelles [8]. These micelles show enhanced
performance. They are used as solubilizers and suspension or dispersing agents [35].
Mixed micelles between nonionic and ionic surfactants are most commonly found on
the market [8]. It owns its success to decreased electrostatic repulsion [35].

Mixed micelles have enhanced properties from their single surfactant micelles by
e.g. reduced CMC, increased foaming and bene�cial rheological properties [36]. The
properties of a system containing mixed micelles will be in�uenced by the interaction
of the two surfactants and their relative surface activity, described in CMC. For a
mixed micelle, the CMC is in�uenced by both surfactants in the mixture [8]. The
stability of a mixed micelle depends on the structure of the single surfactants in the
mixture. Similar length of the alkyl chains favours stability of a nonionic-nonionic
micelle. This phenomenon is also present in nonionic-ionic micelles, however, head
group interactions are of greater importance to consider for those micelles [35].

2.4 Chelating agents

Chelating agents are used in detergency to remove ions such asCa2+ , Cu2+ , Fe3+

and Mg2+ from water, since they a�ect the surfactant solubility and thereby their
cleaning ability. The ions will adhere to surfaces and leave residues, making the
surface appear dirty even after cleaning. The residues contribute to adhesion of dirt
and bacteria. The foaming ability can also be a�ected, where an increase in hard
water leads to a decrease in foaming [37]. Chelating agents bind to metal ions and
form ring complexes with them. A chelating agent has two or more functional groups
which can donate an electron pair to the metal. Typical functional groups areNH 2

and acidic groups asCOOH, SO3H , OH and SH. These functional groups must
be located within the molecule to allow ring formation with the metal. The chelate
ring is usually �ve or six-membered, however, some four-membered rings exist [38].
Di�erent chelating agents have an a�nity for di�erent metal ions.

The chelating agents investigated in this project are Methylglycine N,N-diacetic
acid trisodium salt (MGDA), L-glutamic acid N,N-diacetic acid tetrasodium salt
(GLDA), citric acid and ammonium citrate tribasic, which are presented in Figure
2.5. MGDA and GLDA contain a central nitrogen atom and all four chelating agents
have at least three carboxylic acid groups, which can bind to metal ions. MGDA
and GLDA have sodium counterions, while ammonium citrate hasNH +

4 and citric
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acid only H + .

Figure 2.5: Molecular structure of GLDA, MGDA, citric acid and ammonium
citrate tribasic.

GLDA is an environmentally friendly chelating agent due to its biodegradability
and biobased source. Up to 86% of the raw material used for GLDA is biobased
and GLDA is degraded within 28 days to an extent over 60%. GLDA is produced
by monosodium glutamate (MSG), which is naturally occurring in di�erent foods
as corn. GLDA is stable in regard to temperature and has high solubility across
the entire pH-range [39]. MGDA is also a biodegradable surfactant, with a
degradability over 68%. It has similar properties to GLDA, that it is stable in
regard to temperature. MGDA has a higher chelating ability than citrates [39].
The solubility of MGDA and GLDA in water increases with increasing pH. The
highest solubility is found when they are fully ionized, which happens at high pH.
GLDA has higher solubility than MGDA in the whole pH-range.

Citric acid is an organic acid with many applications, e.g. the use as a chelating
agent [40]. Also, salts of citric acid as ammonium citrate are good chelating agents
[41].

2.5 Properties

Understanding certain properties of surfactants and detergents is crucial as they
signi�cantly impact performance in various ways. Below are these key properties,
which provide insight into the cleaning process, described.
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2.5.1 Cloud point

At a speci�c temperature, the solubility of a nonionic surfactant in water at 1 wt%
sharply decreases, resulting in the solution becoming turbid. The temperature at
which this happens is called the cloud point, CP, referring to the cloudy appearance
[6]. This behaviour is reversible and the solution will become clear again upon
cooling. The solubility of nonionic surfactants in water is due to the formation of
hydrogen bonds between the hydroxyl (-OH) and ethoxy groups (-CH2CH2O-) of the
head groups and the hydrogens in the water molecules [6]. When the temperature is
increased the conformations of the ethoxy groups will change into conformations with
higher statistical weight and less or no dipole moments. With no dipole moments the
surfactants will no longer be polar and they will interact less favorably with water,
causing the surfactants to become insoluble. This is the reason why the cloud point
is not very in�uenced by the length of the alkyl chain but all the more in�uenced
by the length of the polar head group, for example a polyoxyethylene chain. The
cloud point is also highly dependent on the size of the micelles, larger micelles will
give lower CP [8]. Above the cloud point there will be two phases, one water-rich
phase and one surfactant-rich phase, and the nonionic detergent will therefore not be
useful above the CP. In general, the nonionic surfactants are optimal for detergency
when used just below their CP, but above their CMC [42].

The clouding of nonionic surfactants can be altered by the addition of cosolutes [8].
By addition of electrolytes the CP can be either increased or decreased depending
on the type of salt. If the cloud point is increased by the addition of cosolutes it's
referred to as salting in and if the cloud point is decreased it's salting out. The
Hofmeister series ranks the order in which salts in�uence solubility [43]. Anions
have a stronger e�ect than cations and some anions and cations are shown in the
series below.

Citrate 3� > SO �
4 > CH 3COO� > Cl � > Br � > I � > SCN �

Ni 2+ > Ca 2+ > Li + > Na + > K + > NH +
4 > (CH3)4N +

The ions to the left are more hydrated than the ones on the right and are classi�ed
as water structure makers. This means that they tend to bind more water than
the surfactants, leading to stabilization of the surfactant structure which will cause
salting out behaviour. Larger ions, like SCN� or (CH3)4N+ , are considered less
polar than smaller ions like Citrate3� or Ni2+ and exhibit reduced a�nity for water.
They thus become concentrated near the oxyethylene groups, which will cause the
surfactants' structure to unfold, leading to increased solubility and cloud point.

By introducing ionic surfactants the formation of mixed micelles occurs and this
can increase the solubility and the cloud point as well. The mixed micelles will then
carry a charge, making it signi�cantly more challenging to achieve the formation of a
concentrated surfactant phase due to the adverse electrostatic interactions resulting
from the entropy of the counterion distribution [8]. Mixed micelles might also alter
the CPP and therefore the size and shape of the micelles which will lead to a change
in the cloud point.
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2.5.2 Viscosity

Studying viscosity helps with formulating surfactant solutions with desired
rheological properties, ensuring they meet speci�c application requirements. There
are no ideal viscosity values for detergents, it all depends on what type of
detergent that is produced and in which market and country it's being sold etc.
[44]. A detergent should have a viscosity that will make the delivery of the
cleaning agents e�cient. An excessively high viscosity can impede the �ow of the
detergent, while a viscosity that's too low may compromise its stability or its
ability to e�ectively remove dirt and stains.

For surfactant solutions, the viscosity is weakly dependent on the formation of
spherical surfactant aggregates, micelles. If the surfactant self-assembly behaviour
creates bigger cylindrical or thread-like micelles the viscosity will increase more
intensely [8]. When the concentration of surfactants is increased the viscosity is
also increased. For the spherical micelles at low concentration, the viscosity
increase is only dependent on the micelle size but at higher concentrations it's also
due to micelle-micelle interactions, causing the viscosity to drastically increase at
elevated concentrations. For micelles that are not spherical, a small increase in the
concentration will highly a�ect the viscosity whereas for spherical micelles the
concentration has to be relatively high to cause signi�cantly higher viscosity.

2.5.3 Wettability

Wetting is the ability of a liquid to spread on a surface and the degree to which it
spreads is referred to as wettability [8]. The wettability is dependent on the nature of
both the surface and the liquid drop. Wetting in�uences the spreading, penetration
and adhesion of cleaning agents on surfaces. In Figure 2.6 an illustration of a liquid
drop on a surface can be seen and how the spreading is a�ected by di�erent forces.

Figure 2.6: Illustration of the forces acting on the drop and the contact angle
related to Young's equation.

� is describing the contact angle between the drop and the surface. If considerable
spreading occurs the contact angle will be low and the liquid-solid and the liquid-
gas interfacial areas will increase. If the liquid is water this means the surface is
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hydrophilic. A rule of thumb is that when the contact angle for water is below
90� the surface is hydrophilic and when it's close to or above 90� the surface is
hydrophobic. The 
 SG is the surface tension of the solid, measured in mN/m. It's
usually referred to as the surface free energy, and this force strives to increase the
spreading of the drop. Therefore spreading is excessive on solid materials with a
high surface energy. The
 LG describes the surface tension of the liquid and
 SL is
the interfacial tension between the liquid and the surface. From Figure 2.6 Young's
equation can be derived


 SG = 
 SL + 
 LG cos� (2.2)

where the horizontal component of the surface tensions,
 LG cos� , and 
 SL work
against spreading. Spreading occurs until equilibrium is reached and the resultant
force is zero.

Quantifying the wettability of a solid surface can be di�cult as it is not easy to assess
the surface free energy and the interfacial tension. Materials with a high surface
energy such as metals, glasses and ceramics usually promote total wetting, making
the contact angle zero. However, on low-energy surfaces such as polymeric materials
the wettability is di�cult to quantify. A rule, however, is that for a liquid to spread
on a surface the surface free energy must be higher than the surface tension of the
liquid.

From equation 2.2 a spreading coe�cient can be derived

S = 
 SG � 
 SL � 
 LG (2.3)

indicating that spreading will always occur if S>0. This equation demonstrates that
wetting can be promoted either by decreasing
 SL and 
 LG or by increasing
 SG. By
adding a surfactant both the surface tension of the liquid and the interfacial tension
will decrease, as described in section 2.2. It is also possible to promote wetting by
modifying the surface into becoming more hydrophilic which will increase the value
of 
 SG and decrease the value of
 SL . If a surface is made dirty the wettability of the
surface may change. The surface can become more hydrophobic due to oily soil with
low polarity and there can also be less spreading due to a more uneven topography.

For a surfactant to be a good promoter of wetting, known as wetting agent, it should
be able to move rapidly to the newly created surface and have a strong driving force
for the liquid-solid interface as well as e�ectively reduce the surface tension. Another
important condition is that there are a su�cient amount of free surfactants that are
not in the form of micelles.

The viscosity of the surfactant solution can a�ect the wetting of the surface. If two
solutions with the same surface tensions are compared, the one with higher viscosity
will spread more slowly but will not necessarily have lower wettability. The initial
contact angle will not be a�ected by the viscosity [45].
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2.5.4 Foaming

The de�nition of a foam is a dispersion of a gas in a liquid or solid, however this
work is limited to liquid foams. The appearance of foams is determined by their
foam number, which is described by the ratio between gas and liquid. If the amount
of gas is low, i.e a low foam number, the gas bubbles will be spherical and the liquid
lamellae between the bubbles will be thick. In the opposite case, the liquid lamellae
will be thin and planar. The region where three bubbles meet is called the Plateau
border, see Figure 2.7 [8].

Figure 2.7: Foam with a high foam number and a zoom in on the plateau border
where three bubbles meet.

To form a liquid foam the liquid must be a mixture as pure liquids can not foam. One
of the components in the mixture must be surface active, for example a surfactant,
to lower the surface tension in the liquid-gas interface. This enables the liquid to
spread and form a stable �lm over the gas phase, called the foam �lm. The foam
�lm promotes the formation of smaller, more numerous bubbles, resulting in a more
stable foam structure [8]. To form a foam the foam �lm must also exhibit surface
elasticity, meaning that if the foam �lm has been stretched there must be a force
pulling it back to its original state, see Fig 2.8. The force is due to the change
in the surface tension gradient which is trying to pull back the lamellae to reduce
the created higher surface tension and return to equilibrium. For this to happen
the transportation of the surfactant from the bulk to the stretched surface must be
slower than the restoration of the lamellae. If that's not the case the surfactants will
end up lowering the surface tension of the stretched region, removing the surface
tension gradient, resulting in a permanent stretch and weakened lamellae.
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Figure 2.8: A stretched lamellae showing the uneven concentration of surfactants
and how this in�uences the surface tension.

There are four di�erent forces acting on foams, gravitational forces, pressure
di�erence in Plateau borders and lamellas, pressure di�erence of the gas in bubbles
of di�erent sizes and repulsion between charges at the interfaces [8]. The
gravitational force causes the liquid to drain between the bubbles, destroying the
foam, and can be reduced by increased viscosity of the bulk liquid or by
introducing solid particles or emulsion droplets. The gravitational force, as well as
pressure di�erences between plateau border and lamellas and between bubbles of
di�erent sizes, are all destabilizing forces. If the surfactants coating the walls of
the lamellae are carrying a charge the repulsion between these charges can help
stabilize the foam [32]. When the foam is collapsing the lamellae will shrink and
the head groups of the surfactants will come closer together and an electrostatic
repulsion will arise preventing further shrinkage of the lamellae. In contrast to the
other three forces this is a stabilizing force.

The critical packing parameter, CPP, is important to assess and a vital tool to
understand when describing foaming and foam stability. When the CPP increases
the surfactants pack closer together at the liquid-air interface resulting in higher
cohesion. This increases both the elasticity and the viscosity of the liquid lamellae,
giving it strength that results in high foamability and good foam stability [8].
Foamability does not continuously increase with CPP however, at a certain value
it will start decreasing. This is because the foamability will decrease if the thin
liquid �lm between the bubbles is broken. Breaking of the �lm is usually onset by
the formation of a hole in it. The formation of holes correlates with the CPP, and
a surfactant with a higher CPP exhibits a stronger tendency to create holes. The
reason for this is that the energy required to form a hole in surfactant systems
with a low CPP is much larger than for systems with a high CPP due to the high
curvature of the hole created. Therefore highest foamability is obtained where
these two phenomena balance each other.

At the air-water interface, the interaction between the water molecules and the
surfactants is dependent on the surfactants' charge. Cationic surfactants, as quats,
at the monolayer has been shown to attract the oxygen atom of water molecules,
turning the hydrogen atoms towards the solution. For anionic surfactants such as
SDS (sodium dodecyl sulphate), it has been shown to be the opposite behaviour,
where they attract the hydrogens of the water molecules [46]. Between the
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hydrogen of the water molecules and certain headgroups as sulphates of anionic
surfactants there will be formation of hydrogen bonds. This is not the case in
cationic surfactants, since the hydrogens pointt towards the bulk, not exposed to
create hydrogen bonds with the surfactant head group. The hydrogen bonds allow
for a denser packed interface which leads to a higher foamability and greater foam
stability [47].

Foaming is a�ected by temperature. At temperatures above the cloud point of the
surfactant solution foaming will be low due to the phase separation. The
surfactant-rich phase will act as an antifoam and reduce the foamability [48]. At
temperatures slightly below the cloud point, the foam ability is the highest. This
applies to nonionic surfactants as the polyoxyethylene chain will contract at higher
temperatures, giving a higher CPP value [8]. As long as the new higher CPP value
does not promote the formation of holes, this is the case. There isn't a class of
surfactants that are better foamers, however, within a class of surfactants there is
an optimal CPP that will give the optimal packing at the interface and the most
stable foam [32].

2.6 Soil removal process

The mechanism of removing soil from a surface is di�erent depending on the type
of soil present and the type of detergent formulation. There are two types of soil,
oily soil and particulate soil. Oily soil is in liquid form and usually refers to
petroleum products such as engine oil and vegetable oil while the particulate soil
refers to unwanted solid particles attached to the surface [8]. Particulate soil can
be hydrophilic as well as hydrophobic. Both these soils adhere to the surface as a
consequence of van der Waals forces and electrostatic interactions between the
contaminants and the surface [49]. When the contaminants are removed from the
surface it's also important that readsorption is prevented.

2.6.1 Electrostatic stabilization

If the surface and the particulate soil particles are both negatively charged the
cleaning is relatively easy. This is because of electrostatic stabilization. When the
soil particles and the surface have the same charge there will be an accumulation of
oppositely charged counterions around the contact zone. This will lead to an osmotic
�ow of water into this zone that will cause the particle to desorb from the surface
[8]. However, if the soil particles and the surface are not of the same charge, i.e. the
particles have a positive or neutral charge, electrostatic stabilization is not possible
unless the pH is raised. A raised pH will deprotonate neutral and positively charged
functional groups and give them a negative charge or a neutral charge respectively.
This will give both the surface and the soil a negative net charge which will make the
removal of the soil particles easier. The same electrostatic stabilization mechanism
can be applied when hydrophobic particles are attached to hydrophobic surfaces.
This situation, however, requires the addition of surfactants. Anionic surfactants
will create a negatively charged monolayer on the particles and the surface, which
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again will promote an osmotic �ow of water, see Figure 2.9. The same process is
possible for cationic surfactants, but then the possibility for readsorption is higher
because the desorbed particles will be positively charged while the surface will most
likely have a net negative charge. For nonionic surfactants, the osmotic �ow will be
due to the high concentration of polyoxyethylene chains in between the particles and
the surface. This is more related to steric stabilization as opposed to electrostatic
stabilization.

Figure 2.9: Hydrophobic particle attached to the hydrophobic surface is removed
by the addition of anionic surfactants. Due to the high concentration of counterions,
an osmotic �ow of water will cause the particles to detach.

2.6.2 Roll-up mechanism

The so called roll-up mechanism is applied to oily soils but has a similar principle
as described above. When the oil is attached to a moderately hydrophilic surface,
causing the contact angle to be around or above 90� , a surfactant solution is needed
to remove the oil [8]. The surfactants will enter the area between the oil and the
surface and attach to both surfaces leading to an osmotic �ow that will detach the
soil, see Figure 2.10. This does not work if the surface is completely covered in oil
as the surfactants won't be able to reach the surface and detach the soil.

Figure 2.10: The roll-up mechanism for oily soil attached to moderately
hydrophilic surface.

2.6.3 Emulsi�cation

Both emulsi�cation and solubilization, see section 2.6.4, are mechanisms applied
when the surface is hydrophobic and wetting by the oil occurs. The removal of
the oil is then based on lowering the interfacial tension between the oil and the
surrounding water as opposed to the oil and the surface. Emulsi�cation takes place
when the interfacial tension is so low that the oil is deformed, creating an elongated
drop [8]. The elongated drop will eventually "neck" and a free oil drop is formed, see
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Figure 2.11. The oil drop will be stabilized by a monolayer of surfactant, preventing
it from readsorbing to the surface. For the emulsi�cation mechanism to succeed
some mechanical action is often required as well.

Figure 2.11: The emulsi�cation mechanism.

2.6.4 Solubilization

The solubilization mechanism does not require mechanical action but is taking
place spontaneously. A microemulsion is formed from the surface of the soil. For
maximum e�ciency the microemulsion should be bicontinuous. The surfactants
interact with the soil-water interface, solubilizing the soil into a microemulsion
generated around the surface of the soil [8]. This creates a new surface on the
remaining soil and fresh contact is established with the detergent solution, making
new microemulsions, see Figure 2.12. If the surfactant solution is above its CMC
and the concentration of surfactants is in excess in comparison with the oily soil
direct solubilization into micelles might occur. The occurrence and rate of this is
enhanced when surfactant-rich phases are present in the cleaning solution [50].
These phases exist when the surfactants are above their cloud points. The phases
rich in surfactants can either directly dissolve the oily soil or engage with it to
create intermediary phases abundant in surfactants, such as microemulsions with a
large oil content, as previously mentioned. Given suitable conditions, these
intermediary phases can then be emulsi�ed into the washing solution. The
e�ectiveness of solubilization can therefore be explained by the phase inversion
temperature (PIT).

Figure 2.12: The solubilization mechanism. The soil is solubilized in a
microemulsion.

The PIT is the temperature at which the oil-water interfacial tension is at a
minimum for an oil-water-surfactant system. The cloud point, which is usually
used to characterize surfactant systems, does not take the oil phase into account,
which the PIT does. This is the reason why the PIT is the temperature of
relevance for solubilization. To obtain the most e�ective solubilization the cleaning
should be done at the phase inversion temperature [8]. When the oily soil
molecules are larger than the tail of the surfactant, which is often the case, the
PIT is larger than the cloud point. This means that the cleaning should take place
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at a temperature above the cloud point. For oil molecules smaller than the
surfactant tail it's the opposite.

22



3
Methods

The methodology was divided into formulation preparation, determination of
physicochemical properties related to detergency and examination of the cleaning
ability.

3.1 Formulation preparation

The cleaning formulations prepared contained a nonionic surfactant, a secondary
surfactant and a chelating agent in an aqueous solution. The nonionic surfactant
was the same in all formulations. There were three di�erent secondary surfactants
and four di�erent chelating agents tested in a matrix system, see Table 3.1.

Table 3.1: Components for the di�erent cleaning systems evaluated.

Nonionic Secondary surfactant Chelating agent

Berol 260 Ampholak YCE Ammonium citrate

Berol 260 Ampholak YCE Citric acid

Berol 260 Ampholak YCE GLDA

Berol 260 Ampholak YCE MGDA

Berol 260 Aromox MCD-W Ammonium citrate

Berol 260 Aromox MCD-W Citric acid

Berol 260 Aromox MCD-W GLDA

Berol 260 Aromox MCD-W MGDA

Berol 260 Quat Ammonium citrate

Berol 260 Quat Citric acid

Berol 260 Quat GLDA

Berol 260 Quat MGDA

For every system, di�erent concentrations in the range 0.5 - 9 wt% of the chelating
agent were prepared. A formulation without the chelating agent present was also
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prepared for every system and used as a reference. The concentration of the nonionic
surfactant was �xed at 6 wt%. For the secondary surfactant, the concentration
varied in a range between 1.9-6 wt%. The concentration of the secondary surfactant
was determined with regard to the clouding temperature of the system. The clouding
temperature was aimed to be under 80°C for every concentration of chelating agent
used in a certain system.

The chemicals used were Dodecyltrimethylammonium chloride (� 98%,
Sigma-Aldrich), Ammonium citrate tribasic (� 97%, Sigma-Aldrich), Aromox®
MCD-W (Nouryon), Ampholack® YCE (Nouryon), Berol® 260 (Nouryon), Citric
acid, Methylglycine N,N-diacetic acid trisodium salt (Nouryon), L-glutamic acid
N,N-diacetic acid trisodium salt (Nouryon), Perylene (� 99%, Sigma Aldrich),
Rhodamine B (� 95%, Sigma Aldrich) and Sodium hydroxide.

3.2 Physicochemical properties

Di�erent physicochemical properties were determined for the cleaning formulations
to be able to compare them and see the di�erences and later be able to discuss their
di�erent cleaning abilities.

3.2.1 Clouding temperature

The clouding temperature of all the cleaning formulations was measured by �lling a
test tube to about a third with the formulation and placing a thermometer inside.
The test tube was then heated by lowering it into a hot water bath at approximately
80°C. When the formulation in the test tube was visibly turbid it was taken out and
cooled down slowly in room temperature while stirring with the thermometer. The
temperature at which it was possible to clearly see through the formulation again
was noted as the clouding temperature. The clouding temperature was determined
to have a 2°C margin of error.

If the cleaning formulation didn't become turbid before reaching 80°C the clouding
temperature was noted as "above 80°C". This is because the heating water will
start boiling and this will give unreliable results. It's also hard to measure a
clouding temperature below room temperature as this would require cooling the
sample instead of heating it. The clouding temperature of formulations that were
turbid at room temperature were therefore noted as "below room temperature".

3.2.2 Viscosity

The viscosity of the formulations was measured by a Brook�eld DV-I+ viscometer. A
spindle is immersed in the liquid sample and driven through a calibrated spring. The
resistance of the �uid against the spindle's movement is measured through spring
de�ection, which is assessed using a rotary transducer. The viscometer gives the
results in units of centipoise [cP], which is equivalent to milliPascal-seconds [mP�s],
and the measurement range depends on several factors: the spindle's rotational
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speed, its size and shape, the container it rotates within, and the calibrated spring's
full scale torque. The torque appears in units of dyne-centimeters or Newton-meters
but is expressed as a percentage.

The S18 spindle was used for the measurements and its corresponding container.
The rotational speed was set to 100 rpm for all measurements except for some of
the samples with amine oxide, where the speed was set to 60 rpm due to the higher
viscosity. When the measurement was initiated the temperature was noted and then
the viscosity and the torque were documented after three, �ve and ten minutes. The
mean viscosity was then calculated.

3.2.3 Contact angle

The contact angle of the di�erent formulations on di�erent soiled surfaces was
evaluated using an optical tensiometer from Attension. The sessile drop setting
was used which measures the contact angle, as described in section 2.5.1, against
time using a camera. The surfaces used were ceramic, glass and a metal with a
vehicle �nish that were soiled according to the method described in section 3.3.1.
The surface was placed in the goniometer and the contact angle of three water
droplets was measured before the contact angle of three droplets of each
formulation was measured. The droplets were placed on the surface with the help
of a syringe and a small needle. The mean value of the contact angle of the three
di�erent drops for each formulation was calculated to get as real a value as
possible as the surfaces might not be totally uniformly soiled. The di�erence
between the contact angle of the water drops and the drops of the cleaning
formulations (� water - � cleaning formulation) was calculated to be able to compare
contact angles between plates as two di�erent plates are not identically soiled. A
lot of plates were used to be able to �t measurements for all the formulations. The
water almost always had a higher contact angle than the cleaning formulations so
if the di�erence was high that meant the contact angle of the cleaning formulation
was low.

For the metal plates the measurements were done at Nouryon. The same method was
used but the dosage of the droplets onto the surface was automatic. This enabled
the droplets to have the same volume. The dosage volume was set to a �xed volume
of 4 � L.

3.2.4 Foaming

The cleaning formulations' ability to foam and their foam stability was evaluated
by measuring the foam height using the Ross-Miles method. The Ross-Miles foam
analyzer (RMFA) is an optical instrument consisting of a high cylindrical vessel,
which can be heated, and a 200 ml Ross-Miles pipette. The method is a standard
method, ASTM D1173-07, and is carried out at 50°C and with a 0.05% surfactant
solution in demineralized water.

0.35 g of cleaning formulation was dissolved in 699.65 g of demineralized water in
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a 1 litre beaker that was covered with para�lm and put in a 55°C water bath until
the solution reached a temperature of 50°C. 50 ml of the solution was measured
in a measuring glass and poured into the cylindrical vessel which was heated to
50°C. The 200 ml Ross-Miles pipette was �lled and the solution was poured on top
of the 50 ml already in the cylindrical vessel creating a foam. The measurement
was started at the same time and recorded the foam height for 400 s. If the foam
had decomposed before the 400 s were out the recording was stopped early. This
measurement was done twice for all the samples to get an average.

3.2.5 Surface tension

Surface tension of the samples was measured with a Sigma 70 force tensiometer and
a so called Du Noüy ring. The Du Noüy ring is made of platinum and is connected
to a hook that is connected to a very sensitive balance. The ring is lowered into a
vessel with the current liquid. When the ring is then slowly lifted from the liquid
the force required to raise the ring from the surface of the liquid is recorded. The
surface tension is then calculated using the force required and the perimeter of the
ring.

Surface tension was only measured on the cleaning formulations used for the cleaning
tests. This was done to examine whether the surface tension of the solutions di�ered
a lot from each other. Approximately 30 ml of the solution was poured into a vessel
speci�cally suited for the force tensiometer. The container was placed in the machine
and the measurement was initiated. The probe setting was the mini-ring which has
a radius of 4.815 mm. The vessel used has a diameter of 46 mm and a maximum
volume of 40 mL. The heavy phase was set to water but the density was manually
changed for every sample to match the liquid being measured. Air was the setting
for the light phase.

3.2.6 Other measurements

The pH was measured on all samples using a 744 Metrohm pH meter at room
temperature. The density of the samples used for surface tension measurements was
evaluated by adding 1 mL of solution to a 10 mL measuring glass and then weighing
it. This gave an approximate value of the density in the unit of g/mL or g/cm3.

3.3 Cleaning

The cleaning ability of the formulations was evaluated in a macroscopic and a
microscopic way through a so called black box test and �uorescence microscopy
respectively.

3.3.1 Black box

A black box test is a macroscopic non-mechanical cleaning test. The basic principle
is that a surface is soiled and then the cleaning formulation is poured onto the
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surface to optically determine the cleaning ability.

The surfaces used were ceramic, glass and metal with a vehicle �nish. The ceramic
and glass plates were soiled with a kitchen soil, symbolizing household kitchen
cleaning. For the metal plate a soil collected from an engine was used, symbolizing
industrial and vehicle cleaning. The soil was evenly distributed on the surface
using a paper tissue or a cloth. For the glass and the ceramic, the plates were
dried at room temperature for one hour, while only half an hour for the metal
plates. The soiling process, including amount of soil and distribution process, was
aimed to be the same on every plate, however, since it depends on handicraft, only
formulations on one plate should be compared and not between plates.

In the cleaning phase, the plate was put in a vertical position. Three diluted cleaning
solutions with a volume of 10 ml and a concentration between 5-17 % were poured
on the soiled surface at once, letting the excess formulation run o�. After about 30
s the plate was rinsed with water. The cleaning ability was determined visually. If
the formulation was able to wash of all the dirt it was considered to have a good
cleaning ability, otherwise not.

The cleaning formulations for a plate were chosen so that either a secondary
surfactant or a chelating agent were �xed and the other varied. For each plate the
solutions chosen had the same clouding temperature, in an interval o�� 4°C, and
the same pH. If the pH was too low for a formulation it was raised by addition of
NaOH.

3.3.2 Fluorescence microscopy

Fluorescence microscopy was used to evaluate the microscopic cleaning ability. Both
the soil and the cleaning formulation were labelled with a �uorescence marker of
di�erent wavelengths. The formulations' ability to clean were optically assessed by
dropping two drops of them on a soiled surface and see the cleaning e�ect with
the microscope. Pictures were also taken with the microscope before and after the
cleaning formulation was added to the soiled surface.

The instrument used was Axio Imager.Z2m (Zeiss, Germany) with the following
�lters: transmitted bright�eld, Rhodamine B (565 nm) and DAPI (465 nm). Glass
with a soil that contained 20 wt% lambert soil, 30 wt% white spirit, 50 wt% corn
oil and 0.1 wt% pyrene was used. After the plates were soiled they were left to dry
for four days. The cleaning formulations were labelled with Rhodamine B.
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Results and discussion

4.1 Physicochemical properties

4.1.1 Clouding temperature

The clouding temperature of the systems listed in Table 3.1 was determined, and
the concentrations of secondary surfactants used are detailed in Table 4.1. The
concentrations of the secondary surfactants are the ones that resulted in a clouding
temperature between room temperature and 80°C. It is apparent from this table
that amine oxide was required in a higher concentration to be able to solubilize
the nonionic surfactant. However, when citric acid was used as the chelating agent
the amount of secondary surfactant needed to solubilize the nonionic surfactant was
reduced for all systems.

Table 4.1: Concentration of the secondary surfactant used in the cleaning
formulations.

Concentration secondary surfactant Chelating agent

1.5 wt% Amphoteric Citric acid

1.9 wt% Amphoteric MGDA

2 wt% Amphoteric GLDA

2.6 wt% Amphoteric Ammonium citrate

0.9 wt% Amine oxide Citric acid

5 wt% Amine oxide Ammonium citrate

6 wt% Amine oxide MGDA

6 wt% Amine oxide GLDA

0.7 wt% Quat Citric acid

1.3 wt% Quat MGDA

1.3 wt% Quat Ammonium citrate

1.5 wt% Quat GLDA
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In Figure 4.1, it is clearly seen that citric acid has a behaviour signi�cantly
di�erent compared to the other chelating agents. When citric acid is used the
clouding temperature rises with increasing concentration, contrary to the typical
salting out e�ect associated with chelating agents. Another thing that stands out
is that for the formulations containing the amphoteric surfactant the clouding
temperature shows a distinct increase until the concentration of GLDA and
MGDA is approximately 4 wt%. When ammonium citrate is used the e�ect is not
as clear, however, a small plateau can be seen before the clouding temperature
decreases above 1 wt% of added chelating agent. The behaviour observed in the
systems containing the amphoteric surfactant in combination with, particularly
GLDA and MGDA, was anticipated based on previous research �ndings [2]. These
�ndings suggest that this behaviour is caused by speci�c interactions between the
amphoteric surfactants' head groups and the chelating agent, leading to decreased
CPP. The theory behind the interactions is that the head group of the amphoteric
surfactant is similar to the structure of the chelating agent and that they can
interact because of molecular ressemblances. The lower CPP promotes the
formation of smaller and more spherical micelles that are more easily dissolved,
hence the higher clouding temperature. When the concentration of chelating agent
gets too high the solubility will decrease because the amount of free chelating
agent molecules will increase and the salting-out e�ect will dominate.

Figure 4.1: Clouding temperature of cleaning formulation systems containing
an amphoteric, amine oxide or quat secondary surfactant against chelating agent
concentration.

The clouding temperature behaviour seen for the amphoteric secondary surfactant
was not observed when the amine oxide and the quat was used. This was an
interesting result as all three secondary surfactants are amine-based and therefore
the prediction was that they would behave similarly. However, aside from all
secondary surfactants containing a nitrogen atom, the head groups are quite
di�erent, see Figure 2.1. The head group of the amphoteric surfactant is very
similar to GLDA and MGDA, see Figure 2.5, as they all contain -N(CH2COONa)2.
This is in line with the theory that the interactions are because of "like dissolves
like". The ammonium citrate is not as similar to the amphoteric head group as
GLDA and MGDA, it contains carboxylic groups but no nitrogen. This could be
the reason why the e�ect of the ammonium citrate is not as prominent as it is for
GLDA and MGDA. The head groups of the amine oxide and the quat are not at all
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similar to the chelating agents in the same way as the amphoteric. Therefore, they
do not interact with each other in the same way and the chelating agents might be
freely �oating around in the solution. This would cause salting out as the anion of
GLDA and MGDA is very similar to the anion of ammonium citrate, citrate3� ,
which is a strong water structure maker, see the Hofmeister series in Section 2.5.1.

The anion of citric acid is also citrate3� but is not salting out as the other chelating
agents. This is highly counterintuitive considering the literature and the reason why
this is happening is not clear. Some literature �ndings, [51][52], suggest that citric
acid can act as a co-surfactant as well as a chelating agent. Miyazakiet al: found that
citric acid, at low concentrations of 0.6 wt%, could inhibit the binding of calcium
ions to the anionic surfactant surfactin [51]. They also discovered that citric acid
acted as a cosurfactant as the interfacial tension was decreased to less than a tenth
as compared to the interfacial tension between the pure surfactin solution and oil.
To con�rm citric acid as a cosurfactant in this study, surface tension measurements
should be done on the formulations containing citric acid. The citric acid also
lowers the pH, which was a potential reason for its behaviour. However, low pH
as an explanation was ruled out as this hypothesis was tested by lowering the pH
with HCl only, and this did not solubilize the nonionic surfactant. Since citric acid
exhibited behaviour contrary to that of the other chelating agents, it was omitted
from further analysis due to its unexpected performance.

4.1.2 Viscosity

The results from the viscosity measurements are presented in Figure 4.2, where it can
clearly be seen that the formulations containing amine oxide have signi�cantly higher
viscosity. The reason for this is probably correlated to the higher concentration of
amine oxide compared to the amphoteric and the quat, as presented in Table 4.1.
At a higher concentration of surfactants there will be micellar growth causing more
micelle-micelle interactions leading to increased viscosity.
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Figure 4.2: Viscosity behaviour in cleaning formulations containing 6 wt%
nonionic, a secondary surfactant with concentration according to Table 3.1 and
a chelating agent: Ammonium citrate, GLDA and MGDA respectively at 22°C.

From Figure 4.2 above it can be seen that the viscosity increases with increasing
concentration of chelating agent. While the type of chelating agent does not seem
to play a major role for the amine oxide and the quat this is not the case for
the amphoteric. For the amphoteric, the viscosity is increased to a higher degree
by ammonium citrate. Another interesting result is that GLDA and MGDA do
not immediately increase the viscosity in combination with amphoteric surfactant.
In Figure 4.3, the viscosity and clouding temperature for amphoteric secondary
surfactant with chelating agent can be seen side by side. This shows how clouding
temperature and viscosity have an intrinsic correlation in these cases.
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Figure 4.3: Viscosity and clouding temperature behaviour in cleaning formulations
containing 6 wt% nonionic, an amphoteric secondary surfactant with conentration
according to Table 3.1 and a chelating agent: Ammonium citrate, GLDA and MGDA
respectivly at 22°C. The squares and the circles indicate the viscosity and clouding
temperature measurements respectively.

It can be seen in the �gure above that the viscosity starts to increase �rst around
5 wt% of added GLDA or MGDA. This is the same amount of chelating agent at
which the clouding temperature starts to decrease. For the ammonium citrate the
viscosity increases directly with the addition of chelating agent concentration.
However, from 0 wt% chelating agent to 1 wt% the viscosity is pretty constant,
which correlates to the clouding temperature being constant between these
concentrations as well. Between 0 and 1 wt% of GLDA and MGDA the viscosity
decreases slightly while the clouding temperature increases steeply. These �ndings
support the hypothesis suggesting an interaction between GLDA and MGDA with
the amphoteric surfactant, which encourages the formation of smaller, more
spherical micelles. As stated before spherical micelles show lower viscosity than
larger, elongated ones. Because there is probably no interaction between the
chelating agents and the amine oxide and quat the steady increase in viscosity in
Figure 4.2 for these formulations shows that the micelles are steadily growing when
chelating agent concentration is increased.

In formulations where the chelating agent does not interact with the secondary
surfactant, the viscosity remains una�ected by the type of chelating agent used.
GLDA and MGDA, which are suspected to interact with the amphoteric surfactant,
in�uence the viscosity similarly. However, after 4 wt% GLDA, the viscosity increases
more steeply. GLDA is a slightly bigger molecule than MGDA and has four COO�

sites while MGDA has three, which is probably why GLDA is somewhat better at
salting out.
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4.1.3 Foaming

The foam height was tested for formulations without chelating agents, only
containing 6 wt% nonionic surfactant and a secondary surfactant in the
concentrations mentioned in Table 4.2. The table below shows the initial foam
height.

Concentration secondary surfactant Initial foam height [mm]

6 wt% Amine oxide 67

5 wt% Amine oxide 57

2.6 wt% Amphoteric 41

2 wt% Amphoteric 43

1.9 wt% Amphoteric 45

1.5 wt% Quat 31

1.3 wt% Quat 30

Table 4.2: Initial foam height for formulations only containing a nonionic surfactant
and a secondary surfactant.

After 300 s the decrease in foam height for amine oxide was only about 10 mm, while
for quat and amphoteric it was about 25 mm. The quat had therefore almost no
foam after 300 s. Amine oxide had the highest foamability and stability, however,
it could be expected since the formulation with a higher concentration of amine
oxide also had higher foaming. When increasing the surfactant concentration more
surfactants will be at the interface and therefore the foam is stabilized to a higher
degree [53]. Previous studies have shown that the head group of the surfactant can
in�uence the foamability and stability [54]. Petkova et al: reported that foamability
and stability will only occur above a certain surfactant concentration which depends
on the speci�c surfactant [55]. However, the scope of the project was to determine
the in�uence of chelating agents on secondary surfactants, and therefore the e�ect
of the secondary surfactant itself was not investigated further.

The foaming of the system when adding a chelating agent is more interesting and
is presented in Figure 4.4. The �gure shows the formulations listed in Table 4.3.
There was a distinct decrease in foaming for the quat-containing formulations when
chelating agents were added. The initial foam height decreased from 30 to 10 mm
and the foam did not even last 50 s. The stability of the foam is dependent on
electrostatic interactions, hydration and van der Waals forces [53]. The solutions
used for the foaming test were highly diluted, meaning that properties as viscosity
and pH are close to the ones of water. At neutral pH, the amine oxide and amphoteric
will be neutral. The quat is cationic, which gives the interface a positive charge and
an electrical double layer which helps stabilize the foam �lm. However, when salt is
added, the initial foam height decreases because the bubbles rapidly coalesce. This
happens due to the rupture of the thin aqueous �lms, which is caused by a reduction
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in the repulsion from the electrical double layer [53].

Figure 4.4: Foaming behaviour according to Ross-Miles test at 50°C for the
formulations listed in Table 4.3.

In Figure 4.4 the foam height for respective chelating agent is similar for amine
oxide and amphoteric. Compared with the initial foam height for the formulations
without chelating agents presented in Table 4.2, the initial foam height decreased
when adding chelating agents to amine oxide based formulations and it increased
for the amphoteric containing formulations. The initial foam height is dependent
on the di�usion of the surfactant to the interface, which is a�ected by addition of
salt [53]. Therefore, addition of chelating agents to amine oxide-based formulations
seems to increase the di�usion to the interface decreasing foam.

For the formulations containing the amphoteric secondary surfactant, there is an
increase in the foamability and stability of the foam when adding a chelating
agent. This e�ect is clearly shown in Figure C.1 and it is more predominant for
MGDA and GLDA. For ammonium citrate the initial change in foamability is
minimal, however, when increasing the concentration of chelating agent, the
foamability increases. For the formulations containing amine oxide or quat the
behaviour is opposite; adding a chelating agent decreases the foamability, shown in
Figures C.2 and C.3. For ammonium citrate there is minimal change when adding
a low-concentration chelating agent, however, increasing the concentration of the
chelating agent decreases the foamability.

The foaming behaviour for the formulations containing the amphoteric secondary
surfactant is believed to depend on the interaction between the secondary
surfactant and the chelating agent. In Figure 4.5 the initial foam height and
clouding temperature of the same system are presented as a function of chelating
agent concentration. It is clear that the foam height increases when MGDA is
added, represented by the point at 1 wt%. At the plateau in clouding temperature
at 3 wt% and 5 wt% MGDA there is also a plateau in foam height. After the
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plateau the foam height increases to 7 wt% to decrease again to 9 wt% MGDA.
This trend is also observed for GLDA. This behaviour indicates that the
interaction between the amphoteric surfactant and MGDA/GLDA in�uences the
foamability of the cleaning formulations. As previously stated, this interaction
leads to a decrease in CPP, which is the reason why the foamability decreases or
reaches a plateau.

Figure 4.5: Foam height and clouding temperature as a function of MGDA
concentration for a cleaning solution containing 6 wt% nonionic and 1.9 wt%
amphoteric surfactant.

Figure 4.4 also describes the in�uence of the type of chelating agent on the
foamability. MGDA yielded the highest foam height, while there was no
remarkable di�erence between ammonium citrate and GLDA. For the formulations
in Table 4.4 MGDA also had higher foam height than GLDA, which can be seen in
Figure C.6. Ammonium citrate, however, had a di�erent behaviour which can be
explained by a greater variation in foaming dependent on which concentration of
chelating agent used for ammonium citrate. MGDA seems to increase the
foamability slightly for formulations with amine oxide or amphoteric secondary
surfactants compared to GLDA. The reason for this could be that MGDA is a
smaller molecule or because it has one less COO� group than GLDA, which makes
it less e�ective at salting out or interacting with other molecules.

4.1.4 Contact angle

The contact angle varies with secondary surfactant. When quat is used as the
secondary surfactant the contact angle is lower than the rest, which can be seen in
Figure 4.6. Figure 4.6 shows the delta angle, meaning the di�erence between the
contact angle of water and the formulation of the same soiled surface. A high delta
angle means a low actual contact angle. The behaviour of the quat is observed for
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all surfaces and all chelating agents. Figure 4.6 also shows that amine oxide gives
the highest contact angle, which also can be seen for the other chelating agents.

Figure 4.6: Di�erence in contact angle between water and the cleaning formulation
on ceramic with kitchen soil. All formulations contained GLDA, where the secondary
surfactant is varied.

Table 2.1 presents a di�erence in surface tension between the secondary surfactants,
where amphoteric has the highest surface tension of 39 mN/m and amine oxide the
lowest of 30 mN/m. The quat has a surface tension close to amine oxide of 33
mN/M. In Table 4.4 the surface tension for the cleaning formulations is presented,
where amphoteric still has the highest surface tension above 27 mN/m. However, the
formulation containing the quat has a lower surface tension than the one containing
amine oxide. It is reasonable that quat has lower contact angle than amphoteric
as seen in Figure 4.6 since it has lower surface tension, both when looking at the
secondary surfactant alone and for the cleaning formulation. It is also clear here
that it is the secondary surfactant which is the reason, since they have the same
amount of chelating agent. The behaviour of the amine oxide is deviant, it has the
highest contact angle while having low surface tension. One notable thing is that
the amine oxide formulation contains a higher amount of salt in comparison with
the quat and the amphoteric. Higher amount of salt increases the surface tension,
however, this is not seen in Table 4.4. This suggests that the di�erence in contact
angle is dependent on more than the surface tension. The soil could also in�uence
the contact angle due to variations in the interaction between di�erent surfactants
and the soil.

Figure 4.7 shows an indication of dependence in the initial contact angle for
amphoteric with GLDA on its interaction. The surface used was glass with kitchen
soil. The concentrations of GLDA (1,3 and 4 wt%) which are on the plateau in
clouding temperature gives a lower contact angle, while the concentrations after
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the plateau (7 and 9 wt%) gives a higher initial contact angle. This behaviour is
also observed for ceramic with kitchen soil.

Figure 4.7: Di�erence in contact angle between water and the cleaning formulation
on glass with kitchen soil, where the formulations contained 2 wt% amphoteric and
varying concentration of GLDA.

For the contact angle measured on ceramic and metal, there is no e�ect in changing
the concentration of chelating agent. This was observed clearly since there was
very little di�erence between the contact angle from 2-12 s when the concentration
of a chelating agent was changed. This trend was observed for all combinations
of secondary surfactants and chelating agents. For ceramic and metal, the same
plate was used for one system, meaning the contact angle measured for di�erent
concentrations of chelating agent within a system was measured on the same plate.
This eliminates errors from the soil process. For glass there are bigger di�erences
between the contact angle within a system, however, no clear trends are observed.
The di�erences in contact angle are therefore believed to depend on soiling errors,
since a new glass plate was used for every concentration of a chelating agent within
a given system.

4.2 Cleaning

Cleaning tests were carried out on the formulations presented in Tables 4.3 and
4.4. In Table 4.3 the secondary surfactant was �xed and the chelating agent
varied, meaning that the e�ect of the chelating agent could be studied. The
clouding temperature and pH needed to be the same for the formulations that
were being compared in the black box test and therefore the pH was adjusted for
some formulations. In Table 4.4 the chelating agent concentration was �xed
instead and the e�ect of the secondary surfactant could be studied. The viscosity,
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the foam height and the surface tension of these formulations are also presented in
these tables. There were no signi�cant di�erences in surface tension between the
systems, indicating that the value is determined by the nonionic surfactant and
that there is no direct in�uence of the secondary surfactants or the chelating
agents used.

Table 4.3: Concentration and physicochemical properties of the cleaning systems
with �xed secondary surfactant and varying chelating agent.

Cleaning system [Surfactant] Chelating agent Clouding temperature pH Viscosity Foam height Surface tension

[°C] [mPas] [mm] [mN/m ]

Amphoteric 1.9 wt% 7 wt% MGDA 42 10.8 4.71 64.9 27.0

2 wt% 7 wt% GLDA 40 10.6 6.76 51.4 27.0

2.6 wt% 3 wt% Ammonium citrate 44 10.5 5.91 51.0 27.4

Amine oxide 6 wt% 3 wt% MGDA 57 11.4 31.6 61.9 26.6

6 wt% 3 wt% GLDA 55 11.2 33.3 52.7 26.8

5 wt% 0.5 wt% Ammonium citrate 56 11.9 20.7 44.1 26.3

Quat 1.3 wt% 3 wt% MGDA 44 11.8 9.06 10.7 26.5

1.5 wt% 0.5 wt% GLDA 47 11.8 4.20 10.3 27.0

1.3 wt% 2 wt% Ammonium citrate 46 11.8 6.72 9.55 26.7

Table 4.4: Concentration and physicochemical properties of the cleaning systems
with �xed chelating agent and varying secondary surfactant.

Cleaning system [Chelating agent] Secondary surfactant Clouding temperature pH Viscosity Foam height Surface tension

[°C] [mPas] [mm] [mN/m ]

MGDA 3 wt% 1.9 wt% Amphoteric 56 11.7 2.40 55.0 27.2

3 wt% 6 wt% Amine oxide 57 11.4 31.6 61.9 26.8

2 wt% 1.3 wt% Quat 53 11.7 6.49 17.1 26.8

GLDA 1 wt% 2 wt% Amphoteric 46 11.7 2.22 51.8 27.4

5 wt% 6 wt% Amine oxide 45 12.0 41.6 57.4 26.9

1 wt% 1.5 wt% Quat 45 12.1 4.94 10.3 26.5

Ammonium citrate 2 wt% 2.6 wt% Amphoteric 48 10.5 4.26 51.6 27.1

2 wt% 5 wt% Amine oxide 49 10.4 26.8 55.9 26.4

1 wt% 1.3 wt% Quat 49 10.7 5.49 20.4 26.7

4.2.1 Macroscopic observation of the cleaning

The results from the black box tests are shown in Figure 4.8 and the �rst three
rows correspond to the three cleaning systems in Table 4.3 and the last three rows
correspond to the systems in Table 4.4. In these cleaning tests the formulations have
been diluted to be able to compare the cleaning ability, as a highly concentrated
cleaning formulation might be able to clean well for all three systems being compared
while a diluted system might not. Most systems were diluted to contain between 2.5
and 10 wt% cleaning formulation but the quat system with varying chelating agent
stands out with approximately 20 wt% for the glass and metal plates. The reason
these systems were not as diluted as the others is because the formulation with quat
and GLDA became cloudy when diluted below� 17 wt%. This is the reason why
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only MGDA and ammonium citrate are compared on the ceramic plate and why all
the pictures under GLDA only compares GLDA with amphoteric and amine oxide.
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Figure 4.8: Pictures of the performed black box tests on the formulations presented
in Tables 4.3 and 4.4. Left: ceramic surface; Middle: glass surface; Right: vehicle
�nished metal surface.
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Another observation that can be done from the �gure is that most of the cleaning
formulations are less e�ective when used on a metal plate with engine soil. However,
they seem to present the same order of e�ciency as for ceramic and glass. The
amine oxide combined with GLDA and MGDA is best at cleaning the metal plate
but amphoteric with GLDA and MGDA is also good. The quat does not clean
the metal plate well with any chelating agent, which is interesting as it was quite
e�ective on glass. Ammonium citrate is very ine�ective as it does not clean the
metal plate with any secondary surfactant. That is also the reason why the picture
from the test with ammonium citrate and the di�erent secondary surfactants wasn't
included as none of the formulations managed to clean the plate even at very little
dilution. Actually, the ammonium citrate cleans quite poorly on all surfaces.

Ammonium citrate is the most di�erent in molecular structure from GLDA and
MGDA which could be negatively impacting the cleaning e�ciency. Ammonium
citrate seems to clean best in combination with quat. When 0.5 wt% ammonium
citrate is used with amine oxide at 5 wt% dilution it doesn't clean either the ceramic
or the glass, while it does clean both when 2 wt% ammonium citrate is used at
10 wt% dilution. The reason for this might be because of the lower dilution.

GLDA and MGDA have a similar structure and have had quite similar
physicochemical properties. They also show similar cleaning e�ciency, at least in
combination with amphoteric and amine oxide. Interestingly, amphoteric with
7 wt% GLDA cleans really well while with 1 wt% it does not. Amphoteric with
both 3 and 7 wt% MGDA cleans well on ceramic. In Figure 4.9 formulations with
amphoteric and 1 and 3 wt% of GLDA and MGDA were tested on the same
ceramic plate and a similar observation was made, suggesting there is a critical
lower limit of chelating agent.

Figure 4.9: Performed black box test for formulations containing 2 wt% amphoteric
with 1 and 3 wt% GLDA and 1.9 wt% amphoteric with 1 and 3 wt% MGDA. The
formulations were diluted to 5 wt%.

In Figure 4.6 it can be seen that the contact angle for 1 wt% GLDA against time
on glass is a lot higher than for the other concentrations. This means it has a

42



4. Results and discussion

lower wettability than the other concentrations which might be a reason to why this
formulation does not clean e�ciently. This is however not the case for 1 wt% MGDA
as can be seen in Figure B.6. Therefore di�erences in cleaning between these two
systems cannot solely be explained considering the contact angle di�erences.

When MGDA was compared with the di�erent secondary surfactants in Figure 4.8
it is clear that both amphoteric and amine oxide clean well. This shows that the
cleaning e�ciency is not a�ected by the interaction between the chelating agents and
the amphoterics' head group. It might, however, be a�ected by the concentration
of the secondary surfactant. Amine oxide is more concentrated than amphoteric
and therefore it might be better to use the formulation with amphoteric as it cleans
equally e�ciently but uses less surfactant.

4.2.2 Microscopy observation of the cleaning

In Figure 4.10 pictures from the cleaning under microscope are presented. The �rst
row presents the formulations with amphoteric, the second presents the ones with
amine oxide and the third with the quat. The left column of pictures all consist of
GLDA, the middle has MGDA and the right one consist of ammonium citrate. The
blue regions indicate the oil of the soil and the yellow is the cleaning formulation.
The black is the solid particles of the soil.

It was observed that the dirt assembled di�erently depending on which secondary
surfactant was used in the cleaning formulation. Amine oxide formed small round
droplets of dirt as seen in Figures 4.10d, 4.10e and 4.10f. For amphoteric and quat
the dirt assembled into bigger more non-uniform and elongated droplets which in
some cases were connected and formed a network. The oil droplets in the amine
oxide-based formulations are believed to be spherical partly because of higher
viscosity which creates a bigger resistance for soil droplets to �ow in the medium.
It is also clear that the solid particles of the soil help stabilize the spherical
droplets of amine oxide. The pictures suggest that the most relevant cleaning
mechanisms taking place are probably emulsi�cation and the roll-up mechanism,
considering the spherical, stabilized drops.

For the quat, it was also seen that the soil particles are good at stabilizing the soil
regions. This could correlate to the quat being cationic and the solid particles most
likely being negatively charged. The quat would then be more e�ective on more
particulate soils, containing a lot of solid particles.

The pictures with the formulations containing both amphoteric and quat show a
more bicontinuous network of soil. This suggests that the most relevant cleaning
mechanism taking place for these formulations is via solubilization. Solubilization
tends to give more of a continuous network because the oil more directly dissolves
into the cleaning formulation.
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