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ABSTRACT

5281002063: Petrochemical Technology Program
Jarussri Chanwattanakit: Mechanism and Performance of Solid Non-
Particulate Soil (Waxy Solid) Removal from Fabrics
Thesis Advisors: Prof. Sumaeth Chavadej, Prof. John F. Scamehorn,
and Prof. David A Sabatini 162 pp.

Keywords: Solid non-particulate soil/ Solid fat soil/ Methyl palmitate/ Extended
surfactant/ Laundry detergency

Methyl palmitate or palmictic acid methyl ester was used as both a model
solid fat and an oily soil was removed from cotton and polyester above and below the
melting point. Surfactants studied were extended surfactants (Ci2,13-4PO-SO4Na ,
Ci2,14-10PO-2EO-SO4Na and Ci2,14-16PO-2EO-SO4Na), alcohol ethoxylate (EO9),
sodium dodecyl sulfate (SDS), methyl ester sulfonate (MES), methyl ester ethoxylate
(MEE), and mixed surfactants between extended surfactant (Ci2,13-4PO-SO4Na) and
sodium mono- and dimethyl naphthalene sulfonate (SMDNS). Above the melting
point (~30 °C) of methyl palmitate, the maximum oily soil removal was found to
correlate well with the lowest dynamic interfacial tension (IFT) with increasing
washing temperature and salinity. Therefore, roll-up of liquid soil is an important
mechanism. Below the melting point, the detergency efficiency was high
corresponding to the low contact angles (indicating high wettability) of the wash
solution on the methyl palmitate surface for all studied surfactants. The solidified
methyl palmitate was dislodged from fabric surface and dispersed in the wash
solution as small solid particles by surfactant penetration resulting from wetting the
surface rather than solubilization. Therefore, surfactant and salinity improves
wetting, dispersion stability, and decreases detached particle size. Unlike particulate
soil, electrostatics is not the primary driving force for solid non-particulate soil

detergency.
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CHAPTER1I
INTRODUCTION

Textile cleaning is a complex process which has been investigated for
decades (Chi et al., 1999; Tongcumpou et al., 2003 and 2005; Phan ef al., 2009 and
2010). Laundry detergency can be defined as a process for removed of unwanted
substances (soils) from fabrics by using the interaction between surfactant, soil, and
substrate. Several factors can affect the efficiency of detergency such as the
properties of surfactant (Linfield et al., 1962), nature of solid surface (Christ et al.,
1994), mechanical action during washing (Obendorf et al., 1982), water hardness
(Tanthakit ef al., 2009), temperature and electrolyte level (Tanthakit ez al., 2011) and
other additives (builder, enzymes, and anti-redeposition agents) (Webb et al., 1988).
All studies of oily soil detergency used liquid oil as a model of soil in detergency.
Our previous research works focusing on oily soil detergency using different liquid
oils have found good correlation between detergency efficiency and ultralow
interfacial tension (IFT), generated by Winsor type III microemulsion formation
(Tongcumpou et al., 2003 and 2005; Tanthakit et al., 2008, 2009, and 2013) .
Recently, our research group has published studies of the mechanisms of particulate
soil detergency using carbon black as a model hydrophobic soil and kaolinite and
ferric oxide as model hydrophilic soils. The detergency performance was correlated
to surfactant type and concentration, pH, and fabric type by using the basic
parameters of spreading pressure and surface adsorption at the interface between
soil/solution, zeta potential, and wettability (Rojvoranun et al., 2012).

Solid non-particulate soil is a special type of oily soil which exhibit
properties between liquid and solid, depending on temperature. This type of soil
becomes an essential problem in laundry detergency process which can be
considered to represent as a waxy solid staining on clothes. This special type of soils
becomes a challenging problem in laundry detergency, especially in a cold climate
region under a low temperature. These stained oils are mixtures between liquid and
solid oils in which the liquid oil is entrapped in the crystal structure of solid oil under
a moderate temperature, causing it to be hard to remove. According to the literature,

few studies were reported on cold-water detergency of solid non-particulate soil or



solid fat soil because important variables such as soil/bath interfacial tension (IFT)
and surfactant adsorption onto the surface of solid fat soil cannot be measured
(Chaudhuri and Paria, 2009). Scheuing (1990) studied the detergency mechanism of
tristearin (model solid fat soil) by using Fourier transform infrared spectroscopy (FT-
IR) and reported that the removal of solid triglycerides from surface was more
complex than solid hydrocarbon soils because of the polymorphism in the crystal
structure of tristearin. Morris and Prato (1982) found that the best removal of
particulate and oily soil from cotton fabric was at high temperature, whereas the
nonpolar fraction of oily soil removed from polyester was better using a low wash
temperature. Illman et al. (1970) found better removal of nonpolar sebum from
Dacron or nylon in cold water than hot water. Kawase et al. (1991 and 1994) studied
the removal mechanism of solid fatty acid soil by using nonionic and anionic
surfactants reported that solubilization was the dominant mechanism to remove solid
organic soil at low temperature. Therefore, studies on the removal mechanisms of
solid non-particulate soil or solid fat soil below and above its melting point can lead
to a better understanding and more effective formulation for solid non-particulate soil
detergency.

In this research, methyl palmitate or palmitic acid methyl ester, a
monoglyceride, having a melting point around 30 °C was used as a model solid fat or
oily soil being removed from either hydrophilic surface (cotton fabric) or
hydrophobic surface (polyester fabric) by using a single anionic extended surfactant
for the first work (Chapter IV) and alcohol ethoxylate (EO9), sodium dodecyl sulfate
(SDS), methyl ester sulfonate (MES), methyl ester ethoxylate (MEE), and two
extended surfactants (Ci2,14-10PO-2EO-SO4Na and Ci2,14-16PO-2EO-SO4Na) for
the second work (Chapter V) at different temperatures both higher and lower than its
melting point. For detergency performance experiments above the melting point, IFT
was measured in order to confirm the correlation between the IFT value and the
percentage of oil removal whereas, for washing experiments below the melting point,
several important factors such as zeta potential of oil particles and fabrics, contact
angle, oil dispersion stability, particle sizes of detached methyl palmitate, and oil
solubilization after the wash step were also measured and used to explain the

mechanism of solid non-particulate soil detergency. In addition, the scanning



electron microscopy (SEM) was also used to study the surface morphology of the
studied fabrics before and after soiling with methyl palmitate and after washing
under different studied conditions in order to clarify the oil detachment and re-
deposition on both studied fabrics. For Chapter VI, mechanism and performance of
methyl palmitate detergency under microemulsion-based formulation was
investigated. Furthermore, the overall conclusions and recommendations are given in

Chapter VIIL.



CHAPTER 11
LITERATURE REVIEWS

2.1 Surfactants

Detergent products used in household laundry and commercial applications
are complex formulations consisting of various types of chemical ingredients, which
can be classified into three major groups; surfactants, builders, and auxiliary agents
(Lange, 1994). Each component of the detergent products has its own specific
function in cleaning process, but surfactants are the most important component in all

types of detergent products (Jakobi and Lohr, 1987).

A surfactant or ‘“surface active agent” is a substance that reduces
significantly the surface tension of a liquid after the addition of surfactant. According
to the lowering interfacial tension between two interfaces (e.g. water/soil, and
soil/fabric), this helps increase ability to remove an unwanted substance from the
solid surface such as textiles, clothes, and human skin. Surfactant structure generally
contains a hydrophilic head (water-loving) that attracts to water molecules and a
hydrophobic tail (water-hating) that repels water together with attaching itself to oil
molecules, as shown in Figure 2.1. In addition, surfactant can improve the wetting
ability of water, emulsification, and solubilzation and dispersion during washing

process (Bajpai and Tyagi, 2007).

Hydrophobic Group
(Tail group)
“Fat Loving End”

A

< [

Hydrophilic Group
(Head group)
“Water Loving Head”

Figure 2.1 surfactant structures.



In general, the hydrophobic part can be a straight or branched long-chain
hydrocarbon (or partially containing aromatic). In contrast, the hydrophilic part
carries positive (cationic surfactant) or negative charge (anionic surfactant). Apart
from ionic surfactants, the hydrophilic part (head group) of nonionic surfactant
contains ethylene oxide, sugar, or saccharine group (Goddard and Ananth, 1993).
Surfactant can be basically categorized in to 4 types, using the criterion of the charge
type present in the chain-carrying portion of the molecule after dissociation in

aqueous solution.

2.1.1. Anionic Surfactant

The hydrophilic head group has a negative charge, for example,
RCOO Na' (soap), and RCsH4SO3Na" (Alkyl Benzene Sulfonate).

2.1.2. Cationic Surfactant

The hydrophilic head group has a positive charge, for example,
RNH;'ClI"  (salt of a long-chain amine), and RN(CHz3)s; Cl(quaternary

ammonium chloride).

2.1.3. Nonionic Surfactant

There is no charge present in the hydrophilic head group, so it can be
more resistant to water hardness deactivation; for example,
RCOOCH2CHOHCH,0H (monoglyceride of long chain fatty acid) and RCsHa
(OC2H4)xOH (polyoxyethylenatedalkylphenol).

2.1.4. Amphoteric/Zwitterionic Surfactant

Both positive and negative charges are present in the hydrophilic
portion; for example, RN'H.CH,COO™ (long chain amino acid) and
RN*(CH3),CH,CH,SOs (sulfobetaine). The charge of this surfactant type also
depends on pH of solution. At a low the pH (acidic solution), it has positive charge,

and at a high pH (alkaline solutions), it has negative charge.



2.2 Extended Surfactant

An extended surfactant has a group of intermediate polarity, such as
polypropylene oxide (POs) or polypropylene-polyethylene oxide (POs-EOs) group,
inserted between the hydrophilic head and hydrocarbon tail group, as shown in

Figure 2.2.

Figure 2.2 The structure of extended surfactant (Witthayapanyanon et al., 2008).

As the consequences of this unique structure, it can further stretch out into
oil and aqueous phase, resulting in a smoother transition between the hydrophilic and
hydrophobic regions at the interface. The presence of polypropylene oxide group in
the hydrocarbon tail of surfactant molecule which provides more hydrophobic
portion also helps extend the tail to the oil phase, while maintaining good interaction
into the water phase. Hence, it is easy to form a middle-phase microemulsion, in
which provides both high solubilization, and ultralow interfacial tension (IFT),
leading to various applications such as extraction, separation,and cleaning
(Witthayapanyanon et al., 2006 and Phan et al., 2011).

Mifiana-Perez et al, (1995) studied the solubilization of polar oils with
extended surfactants. Alkyl polypropylene oxide ether sulfates (extended surfactant),
were found to exhibit intermediate behaviors between anionic and nonionic
surfactants. They showed three phases of microemulsions of a variety of long chain

oils, especially for mono- and triglyceride esters using optimal formulation.



Witthayapanyanon et al., (2006) studied the wvariations in dilute
concentration of oil system and in different types of extended surfactant on the
surfactant formulations. Sodium alkyl polypropylene oxide sulfate [R-(PO)x-SOsNa]
and sodium alkyl polypropylene-polyethylene oxide sulfate [R-(PO)y-(EO).-
SOsNa]were selected in the studies. The IFT values were measured as a function of
electrolyte and surfactant concentration for polar and non-polar oils. The results
showed that these extended surfactant systems had low critical micelle
concentrations (CMC) and critical microemulsion concentrations (cpuc) compared
with the conventional surfactants. Besides, the ultralow IFT in different oils was
achieved at ppm levels of these extended surfactant systems.

Veldsquez et al., (2009) studied the effect of temperature and other variables
on the optimum formulation of anionic extended surfactant-alkane-brine systems,
they found that the CMC and cloud point decreased with increasing number of
propylene oxide groups (PON),indicating that the lipophilicity of the extended
surfactant increased as PON increases. Moreover, the surfactant hydrophilicity was
found to decrease with increasing temperature, which did not relate to the expected
behavior of anionic species, probably due to the partial hydration of the initially first
propylene oxide unit which are located close to the anionic head group.

Phan et al., (2011) investigated the effects of extended surfactant structure
on microemulsion formation and IFT values with different triglyceride oil. The
results showed that at least 8 propylene oxide groups were required to obtain
ultralow interfacial tension and a middle phase microemulsion with triglyceride oil.
Furthermore, the extended surfactants with hydrocarbon branching structure seem to

facilitate the ultralow interfacial tension.

2.3 Soils

Soils can be defined as contaminants on substrate, which can be divided into

three categories; oily and greasy soils, particulate soils or solid soils, and stains.

2.3.1 Oily and Greasy Soils




Oily soils mean soil only composing of non-polar hydrocarbons such
as diesel and motor oils, usually liquid and highly hydrophobic, which means that
they do not mix well with water. Greasy soils mainly refer to triglycerides and their
derivatives: mono- and triglycerides, and fatty acid. Molecular weight fatty acids are

more polar but not polar enough to be dissolved by water.

2.3.2 Particulate Soils or Solid Soils

Examples of particulate soils are dust, clay, and metal oxides. There
are several properties affecting the detergency performance such as size, shape, and
surface geometry of soil. For instance, they are soluble neither in water nor in
inorganic solvents, and they usually exhibit a large surface area, where oils and
greases adsorb strongly. Particulate soils contribute significantly to the difficulty in
removing oily and greasy soils due to their rigidification and catalyzing in an
oxidation or cross-linking of unsaturated triglycerides. Since they are not water
soluble, these particulate soils can be redeposited on the cleaned surfaces. It is
important to keep these soils effectively dispersing on the washing liquid (Lance,

1994).

2.3.3 Stains
Coffee, tea, blood, ink, and fruit juices stains are the examples of
stains. They can form physical or chemical bond with the substrate and result in
difficult soil removal. Therefore, the substrate can be permanently stained by this

type of soil.

2.4 Solid Non-Particulate Soils

Solid non-particulate soil or solid fat soil (waxy solid) is a special type of
soil which has properties between liquid and solid, depending on temperature; for
example, stiff dough, firm gelatin, butter, margarine, or solidified hamburger or
bacon grease etc. Butter and margarine have a melting point between 30 to 35 °C. If
it is heated above the melting point, it will gradually melt into liquid form. In

contrast, if its temperature is below the melting point, it will be solid instead.



In this research, methyl palmitate or palmitic acid methyl ester (Figure 2.3)
—one kind of solid oily soil— is selected to investigate the formation of middle-
phase microemulsions with extended surfactants at various temperatures and to
correlate the detergency performance of oil removal to microemulsion type at high
temperatures greater than its melting point. Normally, methyl palmitate or palmitic
acid methyl ester is a colorless liquid or crystalline with a boiling point of 185 °C
and a melting point in the range of 29 to 32 °C. It can be soluble in both alcohol and
ether solvents, and it is widely used in the fields of detergent, resin, plasticizer,
lubricant, and animal feed. The information and properties of methyl palmitate are

shown in the Table 2.1.

COOCH,

Figure 2.3 The molecular structure of methyl palmitate (Cayman, 2017).

Table 2.1 The information and properties of methyl palmitate (Cayman, 2017 and
Sigma-Aldrich, 2017)

Properties Information
Synonyms Methyl hexadecanoate, Palmitic acid methyl ester
CAS number 112-39-0

Linear formula

CH3(CH2)14CO2CH;3

Molecular weight

270.45

Refractive index

n20/D 1.4512

Boiling point 185 °C/10 mmHg
Melting point 29-32 °C

Density 0.852 g/mL at 25 °C
Allergen no known allergens

Flash point

113 °C



http://www.sigmaaldrich.com/catalog/Lookup.do?N5=CAS+No.&N3=mode+matchpartialmax&N4=112-39-0&D7=0&D10=&N25=0&N1=S_ID&ST=RS&F=PR
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2.5 Contact Angle and Wetting

Contact angle is the physical parameter to indicate how well the solution
wets the surface so it is a widely used method to characterize the surface wettability.
A number of industrial processes such as printing, painting, adhesion, lubrication,
coating, and cleaning essentially involve the phenomenon of wetting (Kumar et al.,
2007, Prabhu et al., 2009, and Yuan et al., 2013). Wetting of fabric and soil is an
important for the soil removal so it is a related phenomenon but detergency is a
complex mechanism involving with many variables. Therefore, the relationship
between wetting and detergency is not simple (Kissa, 1981). Contact angle is a
measure of the degree of wetting or wettability of a surface by a liquid. A drop of a
liquid put on a solid will modify its shape until the equilibrium is attained. The
balance of interfacial energies under equilibrium gives in equation 2.1. An angle of
180 indicates zero adhesion between the liquid and surface and therefore represents a
total non-wetting condition and finally of course it has a perfectly non-wetted
surface. For some liquids a zero contact angle is obtained and might also be called
perfect wetting and hence spontaneous spreading. Another possibility is partial
wetting, where a contact angle is subtended somewhere between 0° and 90°. An
angle subtended between 90° and 180° in the liquid would be a non-wetting

condition. These behaviors are shown schematically in Figure 2.4.

Complete wetting
Ysv= Vs 2 Yiv

+1-—1 0°

Partial wetting

o 90° N Yov =7Ysi
m Partial non-wetting

41 1807 O Non-wetting
Ts’\r 'Tsl =- Ylv

cosO | 6

Figure 2.4 Liquid drop on a solid substrate under various wetting conditions

(Kumar et al., 2007).
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2.6 Zeta Potential

Zeta Potential ({) is the value of an electrical potential difference between
the surrounding solution and the layer of solution which attached to the dispersed
particles. It has two parts of liquid layer surrounding the particles which are an inner
region (Stern layer) where the ions are strongly bound and an outer (diffuse) region
where they are less firmly associated. Within the diffuse layer there is a notional
boundary inside which the ions and particles form a stable entity. When a particle
moves due to gravity, ions within the boundary move it. Those ions beyond the
boundary stay with the bulk dispersant. The potential at this boundary is the zeta

potential as shown in Figure 2.5.

! ! Electrical double
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Distance from particle surface
Figure 2.5 Schematic representation of zeta potential.
The magnitude of the zeta potential gives an indication of the potential

stability of the colloidal system. If all the particles in suspension have a large

negative or positive zeta potential then they will tend to repel each other and there


http://en.wikipedia.org/wiki/Dispersed_particle
http://en.wikipedia.org/wiki/Dispersed_particle
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will be no tendency for the particles to come together. However, if the particles have
low zeta potential values then there will be no force to prevent the particles coming

together and flocculating as shown in Figure 2.6.

(A) (B)
Figure 2.6 A) Well-disperses particles and B) Particle aggregation.

The pH of the sample solution is one of the most important factors that
affect its zeta potential. Zeta potential versus pH curve will be positive at low pH and
negative at high pH. At the isoelectric point in which the amounts of positive and
negative charges are balancing, the zeta potential tends to be zero. There may be a

point where the plot passes through zero zeta potential as shown in Figure 2.7.
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Figure 2.7 A plot of the zeta potential measured as a function of pH.
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The thickness of the double layer (k') depends upon the concentration of
ions in solution and can be calculated from the ionic strength of the medium. The
higher the ionic strength, the more compressed the double layer becomes. The

valency of the ions will also influence double layer thickness.

2.7 Dispersion Stability

Dispersion or suspension is an important aspect for the study of colloid
science with various applications, from liquid abrasive cleaners, personal care
products, ceramic slurries and medicines to paints and inks. Some applications it is
necessary to keep the systems well dispersed by repulsive force between charge
particles whereas, in others, the systems may be need to aggregate or in terms of their
tendency to sediment under the action of gravity. Therefore, dispersion stability is an
important component of the detergency system. Solid non-particulate soil was
removed from fabric surface as small solid particles suspending into the wash
solution. To avoid the soil particles coagulate or aggregation and redeposition,
deaggregation of the solid particle is required to achieve a good dispersion by
repulsive force between charged particles. Factors affecting dispersion stability are

salt concentration, counter-ion valency, zeta potential, and particle size (Cosgrove,
2010).
2.8 Mechanisms of Oily Soil Removal

Several mechanisms in oily soil removal have been desorbed, but the three
main mechanisms—roll-up; emulsification, and solubilization—are well-known and

accepted (Verma et al., 1998; Rosen, 2004).

2.8.1 Roll-up Mechanism

Roll-up or roll-back mechanism is the complete detachment of oily
soil from substrate. This can remove oil droplets via two processes; (Figure 2.8) (1)
an increase in the contact angle between the oil droplet and the substrate due to the

reduction of interfacial tension (IFT) between oil and water, (ii) the occurrence of
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repulsion force between the head groups of surfactants, adsorbing onto both surfaces

of attached oil droplet and substrate.

2.8.1.1 The Increasing Contact Angle Process

This process can be explained by Young’s equation as follows;

cos@ =8 " 7so 2.1
Yos

where, Ysp = the interfacial tension (IFT) between the substrate and the bath,
Yos = the interfacial tension (IFT) between the oil and the bath,

Yso= the interfacial tension (IFT) between the oil and the substrate.

'YO B

Yos o YsB

I I
Substrate (S)

Figure 2.8 The contact angle between an oil droplet and substrate in bath (surfactant

solution) (Rosen, 2004).

When surfactants are present in a bath (B) or surfactant solution,

surfactant molecules adsorb at two interfaces. As a result, the interfacial tension

(IFT) between the substrate and the bath (Ysp) and that between oily soil and bath

(YoB) are reduced causing the decrease in cosf (or higher 0), so the oily soil will
detach from the substrate. Nonetheless, this mechanism will be accomplished when
the contact angle is higher than 90°. The higher the contact angle, the easier the soil
removed (Broze, 1994). If the contact angle is close to 180° (cosf=1), the soil will be
completely removed. If the contact angle is between 90° and 180°, the soil must be

removed by hydraulic current in the bath (Figure 2.9). In contrast, if the contact angle
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is less than 90°, the soil removal step is not completed, resulting in a remaining
fraction of oil on the substrate. Figure 2.9 shows the roll-up mechanism of oily soil

removal.

Figure 2.9 Roll-up mechanism with the complete removal of oil droplets from

substrate by hydraulic currents (6> 90°) (Rosen, 2004).

2.8.1.2 Surfactant Head Group Repulsion Process
After the surfactants adsorb at substrate-bath interface (SB)
and oily soil-bath interface (OB), the head groups of surfactants which adsorb at the
substrate-bath interface will repulse with the head group of surfactants which adsorb
onto the oily soil-bath interface. From this repulsion phenomenon, the oil droplet can

be detached from the substrate, as shown in Figure 2.10.

Figure 2.10 Repulsion force of surfactant head groups.
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2.8.2 Emulsification Mechanism

Emulsification —snap-off, or necking mechanism— will take place
when the contact angle between the oily soil droplet and the substrate is less than
90°. The principle of this mechanism is similar to a roll-up mechanism, but the only
difference is the value of contact angle between the oil soil droplet and the substrate.
Nevertheless, the disadvantage of this mechanism is the remaining of some residual
soil on the substrate due to the fact that the soil/bath interfacial tension is decreased,

but the substrate/bath interfacial tension is not change substantially (Figure 2.11).

Figure 2.11 Emulsification mechanism to cause partial removal of oil droplets from

substrate when 6< 90° (Rosen, 2004).

2.8.3 Solubilization Mechanism

Solubilizaton, or oil uptake capacity, is an oil uptake by moving inside
the core of the surfactant micelles. The roles of this mechanism are; (i) to removal
small amount of residual oil, which cannot be removed by roll-up or emulsification
and (ii) to prevent the redeposition of detached oil on the substrate. The
solubilization depends on several factors such as nature of oil and surfactant,
surfactant concentration, electrolyte concentration, and temperatur