CHAPTERI
LITERATURE REVIEW

2.1 Surfactant

A surfactant (a contraction of the term SUrface-active agent) is a substance
that, when presents at low concentrations in a system, has the property of adsorbing
onto the surfaces or interfaces of the system and of altering to a marked degree the
surface or interfacial free energies of those surfaces (or interfaces). The term inter-
face indicates a boundary hetween any two immiscible phases; the term surface de-
notes an interface where one phase is a gas, usually air (Rosen, 2004).

Surfactant are widely used in many products and applications such as metal
treatments, ore flotation, cosmetic and pharmaceutical formulations, pesticides, cut-
ting oils, detergent, motor oils, emulsion polymers (Hoeft and Zollars, 1996), flota-
tion separation of plastic waste (Shibata f al, 1996), membrane (Popescu, 1994),
printing (Gerdes, 1997), soil remediation (Smith, 1996; Kibbey, 2000), food packag-
ing film (Karbowiak, 2005), and corrosion prevention (Asefi, 2009).

2.1.1 Structure of Surfactant
Surfactants have a characteristic molecular structure consisting of a
hydrophilic part, which is made of a water soluble species such as an ionic or highly
polar group, and a hydrophobic part which is usually a long-chain hydrocarbon or
non-polar group referred to as head and tail, respectively.

Hydrophilic head Hydrophobic tail
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Foure 21 schematic structure of surfactant molecule monomer,

2.1.2 Types of Surfactant

Surfactants are classified into four main types according to the nature
of the hydrophilic group: anionic, cationic, zwitterionic, and nonionic surfactants
(Rosen, 2004).

ANIONIC. The surface-active portion of the molecule bears a negative
charge; for example, RCOO"Na+ (soap), RCsH4S 0s~Nat (alkylbenzene sulfonate).

Cationic. The surface-active portion of the molecule bears a positive
charge; for example, RNHs+Cl~ (salt of a long-chain amine), RN(CH3)3+Cf (quater-
nary ammonium chloride).

ZWitterionic. Both positive and negative charges may be present in the
surface-active portion; for example, RN4sH.CH2COO (long-chain amino acid),
RN+CHs).CH.CH.S0s (Sulfobetaine).

Nonionic. The surface-active portion bears no apparent ionic charge;
for example, RCOOCH.CHOHCH20H (monoglyceride of long-chain fatty acid),
RCslla(OC2H4)XOH (polyoxyethylenated alkylphenol).

2.1.3 Alcohol Ethoxylate Surfactant

Alcohol ethoxylates (AEsS) which are the most widely used nonionic
surfactants are one of the various types of nonionic surfactants of commercial impor-
tance, particularly a straight-chain alcohol together with ethylene oxide. Alcohol
ethoxylates are "amphiphiles” containing hydrocarbon tails which prefer oil envi-
ronments and ethoxylated alcohol groups which prefer water environments. They are
prepared by the reaction of ethylene oxide with aliphatic or aromatic alcohols
(Satkowski €t al., 1967; Cox, 1989).

R-OH + nCH2—CH2 - ) R-(OCH2CH2)n-OH
\

Figure 22 Reaction of ethoxylated alcohols.



The alcohols may be derived from either oleochemical or petrochemi-
cal sources. Oleochemical alcohol ethoxylates contain a highly linear hydrophobe,
whereas the hydrophobe in petrochemical-based alcohol ethoxylates may range from
highly linear to highly branched, depending on the method of manufacture (Varada-
raj et als 1991; Rosen, 2004). Consequently, performance can be optimized by vary-
ing the average hydrophobic part, hydrophilic part, and distribution of the ethoxye-
thylene group (Cox, 1989; Hama et al, 1997a, 1997b: Genova €t al., 2003;
Gonzalez-Garcia et al., 2004).

AEs biodegrade more readily than alkylphenol ethoxylates (Kibbey,
2000). AEs are more tolerant of high ionic strength and hard water than anionic sur-
factants and exhibit better stability in hot alkaline solutions than ethoxylated fatty
acids. They also have excellent compatibility with enzymes in laundry formulations.
They are also more water-soluble and have better wetting powers than corresponding
fatty acid ethoxylates, somewhat better than the corresponding alkylphenol ethox-
ylates (APE), common commercial nonionic surfactant, for emulsification; are more
water-soluble than linear alkyl sulfonate or LAS, common commercial anionic sur-
factant, for use in high active, heavy-duty liquid detergents free of phosphates; and
are more effective detergency than LAS under cool washing conditions and on syn-
thetic fabrics. AE are excellent detergents for removal of oily soil and are often used
in laundry products, especially liquids. They are also excellent emulsifiers and sus-
pending agents in numerous industrial applications such as soil remediation (Kibbey,
2000), where they compete with alkylphenol ethoxylates (Rosen, 2004).

2.1.4 Micelle Formation Property
A single molecule of a surfactant is called a monomer. When a con-
centration of surfactant is high enough, the monomers or surfactant molecules will
nucleate to form aggregates called micelles. This process is called micellization, and
the concentration at which this phenomenon occurs is called the critical micelle con-
centration (cmc).
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Figure 2.3 Schematic of amonomer and a micelle.

Many physical properties of solutions of surface-active agents change
markedly when micelle formation commences; some physical properties increase or
decrease, others tend to be constant (Cox, 1989: Varadaraj €t aI., 1991; Hoeft and
Zollars, 1996; Romero-Cano €f al., 1998; Piispanen €t al, 2003). Dependence of
these properties on CMC is derived from concentration of monomer and/or micelle;
it relates to monomer-micelle equilibrium. The equilibrium result from structures of
surfactant; which are hydrophobic part mainly consisting of long alkyl chain and hy-
drophilic part which have either charge group in ionic surfactant or polar group in
nonionic surfactant. For example, branching alkyl chain length disfavor micellization
(or increase CMC) but enhance adsorption due to reach to meso-equilibrium faster
and yielding higher effectiveness (lower Yemc) (Varadaraj et al., 1991; Genova etal,
2003).Increase in ethylene oxide content in AEs increase the CMC and Yemc (Cox,
1989).

Many techniques can be used for CMC determination such as UV-Vis
spectrometry, surface tension determination, and contact angle measurement. Surface
tension measurement is generally standard method for CMC determination (Romero-
cano etal. 1998; Genova et al., 2003).

2.2 Surface Tension
The interfacial (or surface) tension is a measure of the difference in nature

of the two phases meeting at the interface (or surface). In other words, the interfacial
tension between two phases is the interfacial free energy per unit area between them.



The interfacial free energy is the minimum amount of work required to create unit
area of the interface or to expand it by unit area (Rosen, 2004).

=1, XAl (1)

Surfactant can adsorb at some or all of the interfaces in the system and sig-
nificantly changes the amount of work required to expand those interfaces. Therefore,
they usually act to reduce interfacial (or surface) tension. Surface tension depends
directly on the replacement of molecules of solvent at the interface by molecules of
surfactant, and therefore on the surface (or interfacial) excess concentration of the
surfactant, as shown by the Gibbs equation (Genova €l al., 2003).

Static surface tension can be determined by various techniques; Du Nouy
ring, spinning drop, pendant drop, and Wilhelmy plate method (Cox, 1989; Varadaraj
etal., 1991: Hama 6t al., 1997a, 1997b; Bahr et @i, 1999). Many parameters can he
calculated from 71v by putting certain equations such as CMC, efficiency in surface
tension reduction (itctMc), effectiveness in surface tension reduction (PCzo), surface
excess concentration (T,nax), and minimum area per molecule at the liquid/vapor in-
terface (as) (Varadaraj al., 1991; Rosen, 2004).

2.3 Surfactant Adsorption

Adsorption is the accumulation of atoms or molecules on the surface of a
material. This process creates a film of the adsorbate (the molecules or atoms being
accumulated) on the adsorbent's surface. In surfactant aqueous system, surfactant
monomers firstly tend to adsorb at surface or interface which are water-air surface
and water-container wall interface. These phenomena can be explained by electrical
double layer model.

2.3.1 The Electrical Double Layer
The electrical double layer is a structure that describes the variation of
electric potential near a surface. At any interface there is always an unequal distribu-



tion of electrical charges between the two phases. This unequal distribution causes
one side of the interface to acquire a net charge of a particular sign and the other side
to acquire a net charge of the opposite sign, giving rise to a potential across the inter-
face (Rosen, 2004). The current classical electrical double layer is the Gouy-
Chapman-Stern model, which combines the Helmholtz single adsorbed layer with
the Gouy-Chapman diffuse layer.
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Figure 2.4  Stern model of the electrical double layer.

2.3.2 Adsorption of Surfactant at the Solid/Liquid Interface

The adsorption of surfactants at the solid/liquid interface is strongly
influenced by a numbers of factor: (1) the nature of the structural groups on the solid
surface (Scales etaI, 1986 Hoeft and Zollars, 1996: Romero-Cano €t aI., 1998); (2)
the molecular structure of the surfactant being adsorbed (the adsorbate) (Varadaraj 6t
al., 1991; Hoeft and Zollars, 1996: Hama €t al., 1997a; Romero-Cano et al, 1998);
and (3) the environment of aqueous phase. Together these factors determine the me-
chanism by which adsorption occurs, and the efficiency and effectiveness of adsorp-

tion.



There are a number of mechanisms by which surface-active solutes
may adsorb onto solid substrates from aqueous solution as follow such as ion ex-
change, ion paring, acid-base interaction, and adsorption by polarization of 1 elec-
trons, adsorption by dispersion forces, and hydrophobic bonding (Janczuk €t al.,
1997; Rosen, 2004). In aqueous system, the surfactant structure formed depend upon
the interaction of the surfactant molecules with the solid surface in such fashion as to
minimize exposure of the hydrophobic groups to the aqueous phase (Rosen, 2004).

2.3.2.1 Adsorption Isotherm

Adsorption isotherm is a mathematical expression that relates
the concentration of adsorbate at the interface to its equilibrium concentration in the
liquid phase. It is the usual method of describing adsorption at the solid/liquid inter-
face. A variety of analytical techniques are available for determining the change in
concentration of the surfactant.

For dilute solution of surfactant, the surface concentration I,
in pmol/rn2, of the surfactant may be calculated can be calculated from the concentra-
tions of the solute in the liquid phase before and after the solution is mixed with the
finely divided solid adsorbent (Rosen, 2004).

- {CChnvel
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where I = adsorption of surfactant, (pmole/m2 plastic)
C = initial Surfactant solution concentration, (pM)
Ct = final Surfactant solution concentration, (pM)
\&o = volume of solution, (ml)
Whplastic = weight of plastic, (9)

as = specific surface area of plastic. (m/g)
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For solid substrates that cannot be obtained in finely divided form, but can be ob-
tained as a planar, smooth, nonporous surface on film, surface concentrations can
sometimes be calculated from contact angles.

The adsorption isotherm can then be plotted in term of I as a
function of Cj. The surface area per adsorbate molecule on the interface or adsorbent

d insquare angstrom(s) is

T 3

where N is Avogadro’s number, and r is in mol/1000 m2.

Various techniques can be used for determining equilibrium
bulk surfactant concentration depending on the nature of surfactant such as UV-Vis
spectrometry, and ion chromatography (Kronberg 6f al., 1984a, 1984b; Hoeft and
Zollars, 1996; Romero-Cano €t al, 1998; Janczuk €t al., 1997; Gurses et al., 2003;
Rosen, 2004). Alternatively, concentration of surfactant molecule is able to be de-
termined by determining carbon in the surfactant structure with total organic carbon
analyzer.

2.3.2.2 Langmuir Adsorption Isotherm
A type of adsorption isotherm commonly observed in adsorp-
tion from solutions of surfactants is the Langmuir-type isotherm (Rosen, 2004), ex-

press by

<4)

where rm= the surface concentration of the surfactant, in mol/cm2, at monolayer
adsorption,
C = the concentration of the surfactant in the liquid phase at adsorption
equilibrium, in mol/y,



d =aconstant [ = 55.3exp(AG°/RT)], in mol/L, at absolute temperature T,
in the vicinity of room temperature and where AG° is free energy of
adsorption at infinite dilution.

This type of adsorption is valid in theory only under the following conditions:
The adsorbent is homogeneous.

Both solute and solvent have equal molar surface areas.

Both surface and bulk phases exhibit ideal behavior.

RS- I TN

The adsorption film is monomolecular.

Many surfactant solutions show Langmuir-type behavior even when these restric-
tions are not met.

When adsorption follow the Langmuir equation, determina-
tion of the values of rmand d permits calculation of the area per adsorbed molecule
at surface saturation and the free energy of adsorption at infinite dilution. To deter-
mine whether adsorption is following the Langmuir equation and to permit calcula-
tion of the values of rmand 4, the equation is usually transformed into linear form by
inverting it. Thus,

c__c d
=N o)

A plotof C/r versus C should be a straight line whose slope is 1/Tmand whose inter-
cept with the ordinate is alrm Examples of Langmuir-fitting curve were shown
elsewhere (Hoefit and Zollars, 1996; Romero-Cano etai, 1998; Gonzalez-Garcia,
2004).

23.23 Adsorption on Hydrophobic Surface
The adsorption of molecular chains such as surfactants onto
solid/liquid interfaces especially hydrophobic surface is of a great interest because of
its role in nature and industrial applications. Each improvement in the knowledge of
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this phenomenon has important consequences for different fields including industry,
medicine, and biology (Puttharak, 2006).

An increase in the alkyl chain length increases the adsorption
affinity, hence the adsorption of surfactants (Hoeft and Zollars, 1996; Rosen, 2004).
For example, Hoeft and Zollars (1996) studied to adsorption of anionic surfactant—
sulfate and sulfonate surfactants— with varied hydrophobic chain length (Cg to C12).
They found that surfactants with shorter alkyl chain length give the higher adsorption
compared with the corresponding surfactant and the same surfaces. On the other
hand, an increase in hydrophilic chain length gives lower adsorption of surfactants
(Scale et al., 1986; Romero-Cano €t al., 1998; Rosen, 2004). Romero-Canoét 4l.
(1998) studied the adsorption of nonionic surfactant with a series of polyethylene
oxide (POE) group. They found that surfactant with lower number of POE group
would adsorb more amount than one with higher number of POE group.

Surface charge density of surface affect on the adsorption as
well. Hoeft and Zollars (1996) investigated the adsorption of a series of linear anio-
nic surfactant on sulfonated polysterene latex with various charge densities. They
found that, in the region of low surface charge density, the amount of adsorbed sur-
factant seem to increase with increasing surface charge density. This may probably
derived from a result of configurational rearrangements of the adsorbed surfactant
due to the charge on surfaces leading to an increase in surface area available for ad-
sorption. However, surface with high surface charge density seemed to obtain low
adsorption compared to one with low surface charge density. It might be because sur-
face charges repel the surfactant that try to adsorb, the amount of surfactant adsorp-
tion, therefore, would be low. This result was in agreement with the study in nonio-
nic surfactant (Romero-Cano €f al., 1998), that is, surface with low surface charge
density give higher adsorption compared to one with high surface charge density.

2.3.24 Structure ofAdsorbed Layer
Besides the industrial importance of surfactant adsorption, the
structure of adsorbed layer and the forces involved are also of genuine scientific in-
terest. The in-plane molecular organization of adsorbed surfactants at the solid/liquid
interface or the structure of surfactant layer has been studied by atomic force micro-
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scopy (AFM). In addition, the technique can be used for measurements of force
curves and, indirectly, thickness of adsorbed layers. Recently this technique has been
used to study the equilibrium structure of anionic, cationic, zwitterionic, and nonio-
nic surfactants adsorbed to a variety of surfaces (Grant &f al, 2000).

Grant € al. (2000) studied the structure of adsorbed surfac-
tants on the surfaces with varied hydrophobicity. They found that the following gen-
eral evolution of the adsorbed layer morphology with increasing surface hydropho-
bicity was observed: diffuse micellar coverage; dense micellar coverage; bilayer; and
finally a monolayer structure at the most hydrophobic surface. In addition, they con-
cluded that hydrophobic interaction was the main driving force for adsorption of
ethylene oxide segments.

2.3.3 Adsorption of Surfactant at the Liquid/Vapor and Liquid/Liquid Inter-
faces
The direct determination of the amount of surfactant adsorbed per unit
area of liquid/vapor (L/V) or liquid/liquid (L/L) interface, although possible, is not
generally undertaken because of the difficulty of isolating the interfacial region from
the bulk phase(s) for purposes of analysis when the interfacial region is small, and of
measuring the interfacial area when it is large. Instead, the amount of material ad-
sorbed per unit area of interface is calculated indirectly from surface or interfacial
tension measurements (Varadaraj 6t al., 1991; Hama etal., 1997a). As a result, a plot
of surface (or interfacial) tension as a function of (equilibrium) concentration of sur-
factant in one of the liquid phases, rather than an adsorption isotherm, is generally
used to describe adsorption at these interfaces. From such a plot the amount of sur-
factant adsorbed per unit area of interface can readily be calculated by use of the
Gibbs adsorption equation (Rosen, 2004).

2.3.4 Gibbs Adsorption Equation
The Gibbs adsorption equation, in its most general form,

dy = - T V 1dfil (6)
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where dy =the change in surface or interfacial tension of the solvent,
rj  =the surface excess concentration of any component of the system,
dpi =the change in chemical potential of any component of the system,

is fundamental to all adsorption processes where monolayers are formed (Rosen,
2004). At equilibrium between the interfacial and bulk phase concentration, dp, =
RTdInaj, where 3j = the activity of any component in the bulk liquid phase, R = the
gas constant, T = the absolute temperature, and for dilute solution (102 M or less)
containing only on nonodissociating surface-active solute, the activity of the solvent
of the solute can be replaced by its molar concentration ¢. Thus,

dy=-RTTdnc (7)

which is the form in which the Gibbs equation is commonly used for solution of non-
ionic surfactants containing no other materials.

For surface-active solutes the surface excess concentration, I' can be
considered to be equal to the actual surface concentration without significant error.
The concentration of surfactant at the interface may therefore be calculated from sur-
face or interfacial tension data by use of the appropriate Gibbs equation. Thus, for
dilute solution of a nonionic surfactant, or for a 1.1 ionic surfactant in the presence of
aswamping amount of electrolyte containing a common nonsurfactant ion,

dy (s)

" 2303RT grogeir

and the surface concentration can be obtained from the slope of a plot ofy versus log
¢ at constant temperature (when y is in dyn/cm or ergs/cmz and R = 8.31 X 107 ergs
mol: K", then, r is in mol/cm2; when yis inm NnT:or m Jm-2 and R = 8.31 Jmol-
K™, r,isinmol/1000 m2) (Rosen, 2004).
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A typical plot for a dilute solution of an individual surfactant (surfac-
tant are often used at concentrations of less than 1 X 10 M) is formed. The break in
the curve occurs at the critical micelle concentration (CMC) (Cox, 1989; Varadaraj f
aI., 1991: Piispanen 6t aI., 2003). Above this concentration the surface tension of the
solution remains essentially constant since only the monomeric form contributes to
reduction of the surface or interfacial tension.

) 4

Figure 2.5  Plot of surface tension versus logarithm of the bulk phase concentration
for an aqueous solution of a surfactant.

2.3.5 Point of Zero Charge (PZC)

The position of the PZC defines the affinity of the surface to the ionic
species, especially ionic surfactants and polyelectrolytes, which are widely used to
modify the surface properties. Then, the knowledge of the PZC of the materials of
interest facilitates the choice of a surfactant for a specific purpose, e.g., in mineral
process (flotation), or the choice of an adsorbent for removal of certain solutes, e.g.,
from wastewater, makes it possible to predict the pH effect on the phenomena and
processes involving adsorption, etc. Therefore, determination of the PZC is an
important element of the characterization of commercial adsorbents (Kosmulski,
2002).

Various techniques have been used for determining the PZC of mate-
rials such as CIP (common intersection point of potentiometric titration curves ob-
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tained at three or more ionic strengths); intersection (intersection point of potenti-
ometric titration curves obtained at two ionic strengths); pH (natural pH of the dis-
persion); IEP (isoelectric point obtained by classical electrokinetic methods); acousto
(isoelectric point obtained by the electroacoustic method; and potentiometric mass
titration (Kosmulski, 2002, 2004, 2006, 2009).

2.4 Wetting

Wetting in its most general sense is the displacement from a surface of one
fluid by another. Wetting, therefore, always involves three phases, at least two of
which are fluids: a gas and two immiscible liquids, or a solid and two immiscible
liquids, or a gas, a liquid, and a solid, or even three immiscible liquids. Commonly,
however, the term wetting is applied to the displacement of air from a liquid or solid
surface by water or an aqueous solution.

The tenu wetting agent is applied to any substance that increases the ability
of water or an aqueous solution to displace air from a liquid or solid surface. Wetting
is a process involving surfaces and interfaces, and the modification of the wetting
power of water is a surface property shown to some degree by all surface-active
agents (Rosen, 2004).

2.4.1 Type of Wetting
Wetting can be classified into 3 types, spreading wetting, adhesional
wetting, and immersional wetting. The equilibria involved in these phenomena are
well known. In spreading wetting, a liquid in contact with a substrate spreads over
the substrate and displaces another fluid, such as air, from the surface. For the
spreading to occur spontaneously, the surface free energy of the system must de-
crease during the spreading process. When the area of an interface increases, the sur-
face free energy at that interface increases; when the area decreases, the surface free

energy decreases (Rosen, 2004).

2.4.2 Spreading Coefficient
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Spreading coefficient (S1s) is quantity that act as driving force for
spreading process, and relate to corresponding interfacial (or surface) tension as fol-
lowing equation (Rosen, 2004);

S =y ~(/sl +y1v) (9)

where )>9/is interfacial tension at substrate/vapor interface,
\sL is interfacial tension at substrate/liquid interface,
JWVis interfacial tension at liquid/vapor interface.

[fsisis positive, spreading can occur spontaneously; if sisis negative, the liquid will
not spread spontaneously over the substrate.

Bahr &t al. (1999) studied the spreading behavior of microdrops of
surfactant solutions at solid surfaces to determine the influence of different factors,
including drop lifetimes, surface tension dynamics, and surface energies.

Due to the depletion effect, the measured contact angle does not nec-
essarily have to significantly smaller for a surfactant solution drop (with a start con-
centration equal to or above the CMC) than for a corresponding drop of pure water.
This effect was pronounced in the surfactant with CMC lower than 5 X 10s M when
using 4 pi droplet. Surfactant droplets with below CMC show spreading delay, de-
spite prespread to « min, whereas the delay was not found in drop with more than 1o
CMC. The spreading behaviour on a more hydrophilic surface was faster than the
less ones because a smaller adsorption is needed to produce the necessary surface
pressure to drive the spreading. Despite, it often takes a longer time to reach a
steady-state wetting (Stoebe €t al, 1996; Bahr et al., 1999).

For Roughness effect, no significant difference in the spreading rates
was found. Apparently, as the roughness grows, the increase in the pulling force due
to elongation of the triple contact line is cancelled by increased viscous drag. The
only exception might be if the average peak-to-valley distances turn out to be less
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than the thick ness of the stagnant layer of liquid, in which case the flow hydronam-
ics would be insensitive to the underlying surface relief (Bahr €t al, 1999).

When the substrate is a solid, the spreading coefficient is usually eva-
luated by indirect means, since surface and interfacial tensions of solids cannot easily
be measured directly. SIS can be alternatively determined by measuring contact angle
(Rosen, 2004).

2.4.3 Contact Antde

The contact angle is a quantitative measure of the wetting of a solid by
a liquid; it is indirect means for evaluating spreading coefficient (Rosen, 2004). It is
defined geometrically as the angle formed by a liquid at three-phase boundary sys-
tem. The low values (near “0”) of contact angle indicate that the liquid spreads well
(high wettability), while high values (> 90°) of contact angle indicate that less com-
plete wetting (poor wettability). If value is zero contact angle indicate that “complete
wetting” (Jirawatanaporn, 2009).

Figure 2.6  The contact angle of liquid droplet at equilibrium.
The relationship between the interfacial tensions of the surfaces at the

three-phase boundary of solid, liquid and vapor system at equilibrium is described by
the Young’s equation (Rosen, 2004):

Yor -Ydl =Y lvcoss> 0°)

where Ysv, Ysi,and YLV are solid/vapor, solid/liquid, and liquid/vapor interfacial ten-

sions, respectively, and 0 is the equilibrium contact angle.
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This equation is only valid for finite contaet angle in case of mechani-
cal equilibrium, so it does not apply when spreading take place. Thus to encourage
wetting, wetting, YSL, Yiv should be made as small as possible. This is done by add-
ing a surfactant to the liquid phase. The surfactant absorbs to both the liquid/solid
and liquid/vapor interfaces to lower those interfacial tension (Rosen, 2004).

2.43.1 Measurement of Contact Angle

Many experimental techniques are available for wettability,
such as, capillary penetration techniques, the adhering gas bubble method, the Wil-
helmy plate method, Draves method, and the sessile drop technique (Norling and
Brukl, 1986; Scale et al., 1986; Varadaraj €t al., 1991; varadaraj et al., 1994; Hama
et al. 1997a; Hama 6t al., 1997b; Janczuk et al., 1997; Luangpirom €t al., 2001;
Szymczyk and Janczuk, 2006). In the sessile drop technique, contact angles are
measured directly by depositing a liquid drop on a solid surface and placing a tangent
to the drop at its base by computer program. The resulting “static advancing contact
angle” represents the “equilibrium contact angle” (Luangpirom etai, 2001).

!

Figlire 2.7 The contact angle by the sessile drop technique.

In contact angle measurement, the volume of drop of surfac-
tant in the range of 1 pi to ¢ pi was not affect on the spreading and contact angle. In
addition, no effect of the volume on the initial spreading rate was observed (Bahr,
1999).
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Norling and Brukl (1986) studied the feasibility of increasing
the wettability of poly(vinyl siloxanes) elastomer by incorporating commercial non-
ionic surfactants with a series of polyoxyethylene (POE) group, and determined a
systematic structure-property relationship of those surfactants. The results showed
that the minimum contact angle occurred at optimum POE chain length. Therefore, it
indicated that the contact angle was a strong function of the surfactant HLB number
and that a clear minimum contact angle occurred at a specific HLB number.

Scales et al. (1986) examined the effect of a series of nonionic
surfactants (E05, E09, and EQ30) on the wettability on quartz surface with varied
hydrophobicity. They found that contact angle increased with increasing EO group.
For specific surfactants, the contact angle decreased with increasing hydrophobicity.
In addition, they found that temperature affect in contact angle on polydisperse sur-
factant greater than on monodisperse surfactant. It might be because the polydisperse
surfactant has low activation energy needed to complete association of the adsorbed
layer to be occur.

Varadaraj €f al. (1994) studied effect of surfactant type and
structure on hydrophobic granular surface by using the capillary penetration wetting
technique. The results indicated that both the surfactant type and hydrocarbon chain
branching influenced significantly on the rate and effectiveness of wetting rates
(mgls) for ethoxylates > sulfates > ethoxysulfates; wetting effectiveness (mg) for sul-
fates > ethoxylates. For a given surfactant type, hydrocarbon chain branching was
observed to increase wetting rate and effectiveness.

Hama €t al. (1997a) investigated influence of the structure of
hydrophobic groups and polyoxyethylene (POE) chain length of the ethoxylate ester
on interfacial properties. For range of EOQ number in this study, E06 to E0L5, E09-
to-E0L5 range of CIO- to C14-EFME show favorable wettability. Among them,
C12-EFME shows the best wettability (lowest wetting times).

Genova €t al. (2003) studied effect of hydrophobic structure
on the performance of alcohol ethoxylates derived from oleochemical alcohol and
oxo-alcohols derived from kerosene, butylene, or coal by the Fischer-Tropsch
process. They found that increasing substitution at the C2 carbon increases the
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amount of unethoxylated alcohol in the ethoxylate due to hindrance of ethoxylation
by alcohol but decreases wetting time

Piispanen 6t al. (2004) investigated the wetting properties of
the sugar-based surfactants compared with water and nonylphenol ethoxylates with
POE group of s, 10, and 20 units. A wetting property scale of 0 to « was used, where
s Stands for the best possible wetting property, and the results were 5, 3, 1, and 0, for
NPE-s, NPE-10, NPE-20, and pure water, respectively.

2.4.3.2 Wetting by Aqueous Surfactant Solution

Water has a considerably high surface tension; hence, it does
not readily spread over solids that have surface free energy of 72 mN/m or lower.
The addition of surfactant is, therefore, often necessary to enable water to wet on sol-
id surface. Surfactant can improve wetting through altering the surface properties of
the liquid phase by its presence at the interface (Puttharak, 2006).

An equilibrium wetting can be related to adsorption, as devel-
oped by Lucassen-Reynders, by combining the Gibbs adsorption equation with
Young's equation (Rosen, 2004);

dxVeosr)  -~ra (11)
~drTv r

Tjj represents the surface excess concentration of the surfactant at the ij interface. The
slope of a plot of Y LVOOR) versus Y LV consequently provides information at the

three interfaces (Janczuk, 1997; Szymczyk and Janczuk, 2006; Szymczyk and Janc-
zuk, 2008).

The surfactants increasingly less adsorbing at solid/liquid in-
terface with increasing hydrophilicity of surface were also observed by Gau and Zo-
grafi (1990). In their works, advancing contact angle of aqueous solutions of the non-
lonic surfactants, polyoxyethylene ether, surfactants were measured on surfaces pre-
pared from PS surface, PMMA surface, latex particles as well as paraffin. They dis-
covered that wetting of surfactant solutions is less efficient relative to pure liquid for
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PS and PMMA due to less adsorption at solid/liquid interface compared with adsorp-
tion at liquid/vapor interface.

2.4.33 Critical Surface tension

The critical surface tension of a solid surface is an indication
of its relative water-hating or water-loving character. A low critical surface tension
means that the surface has a low energy per unit area. The quantity is based on expe-
riments with a series of pure liquids. These experiments have to be conducted on a
flat, non-porous solid sample (Puttharak, 2006).

Zisman and co-workers introduced and empirical relation of
contact angle data on polymers. They measures the contact angles for series of liquid
on the same polymer sample, and plotted cosO vs viv 0f the liquid (Zisman plot), the
graphical points fell close to a straight line or collected around it in a narrow rectili-
near band:

cos<9=1-p(yly-rc) (12)

Each line extrapolates to zero 0 at a certain viv value, which
Zisman has called the “critical surface tension of liquid", vc- They proposed that as
viv decreased toward to vc, vsi will approach to zero, and when vsi reachs zero, viv
will be equal to vc (but not vsv), however the vc is different fonn the vsv- Where Van
der Waals forces are dominant, vc of the polymeric solid is independent of the nature
of liquid and is a characteristic of the solid alone (Ellison and Zisman, 1954; Bemett
and Zisman, 1959a; Bemett and Zisman, 1959b; Janczuk, 1997).

Ellison and Zisman (1954) studied the wettability of polymer
surface of PET, nylon, and PS by dynamic contact angle measurement (advancing
and receding contact angle) using pure liquid, for example, water, glycerol and for-
mamide. It was revealed that hydrophilicity of surface affected on the wettability,
that is, the more hydrophilicity, the greater wettability. Besides, the given Yc derived
from Zisman plot support their results.
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Surfactant solutions with a range of concentration could be
used to detennine the yc of polymer surface. Bemett and Zisman (1959a) used a va-
riety of pure anionic, cationic, and nonionic surfactants for determining yc from Zis-
man plot. The given curves were found the break in slope close to the CMC but were
slightly lower which was not found in micelle-producing liquids. In addition, other
phenomena might be involved in such discontinuities (Bemett and Zisman, 1959b).

The critical surface tension is obtained from the Zisman plot,
in which the cosine o of the wetting angle for a series of liquids is plotted against the
surface tension yLv of the liquid. These plots give the best empirical fit of experimen-
tal data. The intercept of these curves with the coso = 1is known as the critical sur-
face tension, yc, perfect wetting (Johnson and Dettre, 1993).

The critical surface tension concept is useful in classifying the
surface and estimating contact angles, since (3is approximately 0.03 to 0.04. Howev-
er, the value of yc is often uncertain since the extrapolation is quite long and consi-
derable curvature of the empirical line is present for solids on which a wide range of
liquids form non-zero contact angles. Hence, Zisman and Good warned researchers
not to construct Zisman plots using binary solutions. This is because with the addi-
tional components at an interface, one of them may be adsorbed or interpenetrated at
the interface more strongly and there will not be any simple relation for such situa-
tions (Erbil, 1997).

Supalasate (2004) studied the adsorption surfactant on plastic
surfaces and its relation to wetting phenomena. The result showed that the adsorption
of surfactant at the solid/liquid interface caused the Zisman plot to deviate. The devi-
ation of the Zisman plot appeared in the case of CPC on polystyrene and polyethy-
lene terephthalate. It could indicate that the polarity of plastics has an effect on the
wettability of CPC.

Meerit (2005) found that deviation of the Zisman plot did not
appear in case of CPC, sodium octyl benzene sulfonate (NaOBS), and OP(EQ)io on
PTFE, PVC, and PC. Whereas the deviation of the Zisman plot appeared in the case
of CPC on PMMA, ABS, and Nylon ss when NaCl presented bhecause of these rea-
sons; (1) the anchor-like structure of CPC limited the movement; (2) the addition of
NaCl might not be able to allow more CPC to adsorb on the surface; and, (3) CPC
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had the opposite charge to the surfaces so it adsorbed on the surface in horizontal ap-
pearance and lowered the adsorption area.

Szymezyk 6t al. (2005) determined the influence of the con-
centration and composition of aqueous solution of mixtures of cationic surfactants
and nonionic surfactant, on the wettability of polytetrafluoroethylene (PTFE). Ac-
cording to Zisman plot, there is no linear dependence between coso and the surface
tension of aqueous solution of CTAB and TX100 mixtures for all studied systems,
but a linear dependence exists between the adhesional tension and surface tension for
PTFE in the whole concentration range, the slope of which is -1, that suggests that
the surface excess of the surfactant concentration at the PTFE-solution interface is
the same as that at the solution-air interface for a given bulk concentration. On the
basis of the surface tension of PTFE and the Young equation and thermodynamic
analysis of the adhesion work of aqueous solution of surfactant to the polymer sur-
face it was found that in the case of PTFE the changes of the contact angle as a func-
tion of the mixture of nonionic and cationic surfactants concentration resulted only
from changes of the polar component of solution surface tension.

Szymczyk €t al. (2006) determined the critical surface tension
of PTFE and PMMA surfaces by aqueous solution of CTAB and CPyB mixture by
contact angle measurement using sessile drop method. The given value was higher
than for that of the surface tension of PTFE but lower than for PMMA. It was found
that for the studied surfaces, the changes of the contact angles of the solution of mix-
ture resulted only from the decrease of the polar component of the solution surface
tension.
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