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Abstract

In this work the surface tension of the cationic surfactant Benzyledimethylhexadecyl
ammonium chloride (BAC) as a function of its concentration was measured. The effect of
addition of sodium chloride and Calcium chloride, at concentrations between 0.1 M - 0.3 M
and temperatures in the range of 10 °C — 50 °C was investigated. In addition the surface tension
of a mixtures of BAC with different concentrations and a fixed amount of the anionic surfactant
of sodium dodecyl benzene sulfonate (SDBS) was measured. According to the result obtained
it was found that: the surface tension of BAC decreases with increasing its concentration in
solution and increasing the temperature. The critical micelle concentration (CMC) of pure BAC
was found to be 0.50 mM and decreases with increasing temperature in the temperature range
studied. The change of CMC with temperature is a consequence of the decrease of
hydrophilicity of the surfactant molecule. The addition of salts was found to decrease the CMC
of BAC. This could be due to the reduction of the migration of the surfactant caused salt ions.
In addition, interfacial packing of the adsorbed molecules particularly of the ionic type can be
increased by the presence of salt and this is due to the reduction in the electrostatic repulsive
forces. Charge valence of the cation has little effect of the CMC of BAC. Regarding the BAC
mixture with SDBS, a synergetic effect was observed as a significant decrease in the surface
tension of the mixture was observed. This synergetic effect was found in the entire mixture
range studied. A peak in the behavior of the surface tension as a function of BAC concentration
with added SDBS was observed. Such a behavior may originate from the fact that, at the
beginning we start with a mixture of the two surfactants with low amount of BAC and the
synergism is at maximum where the surface tension of the mixture is minimum. As we add
more BAC and since the BAC hydrophobic tail is longer there will be less synergism due to
surface adsorption competition of the two surfactant and the surface tension increases until the
CMC of BAC is reached and the addition of more BAC will strengthen the synergism again

where the surface tension decreases again.
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Chapter 1

Introduction

Background

1.1 Surface and Interfacial Phenomena

In a liquid, each molecule in the bulk is surrounded by a certain number of similar
molecules in its close proximity where it makes attractive and repulsive forces with these
molecules from all directions. Attractive forces dominate because of their longer range than
repulsive forces. The latter have much shorter range and become important at high
pressures [1-2]. Because of the existing symmetry of interatomic or intermolecular forces
around this molecule, the resultant force averaged over time will be zero. Therefore, the
potential energy of this molecule will be reduced because of this force symmetry [1-2].
These forces are responsible for the cohesion between similar molecules (a molecule in the
liquid and its neighbours of the same kind) and responsible for the adhesion between
dissimilar molecules (a molecule in the liquid with other molecules of different type). At
the surface region of a liquid, the number of molecules surrounding any surface molecule
of the same kind is less and there is a broken symmetry in the interatomic or intermolecular
interactions. This is because the density of the adjacent phase (gas or vapour) is much
smaller than that of the liquid. This causes the potential energy of a surface molecule to be
higher than that of a bulk molecule [2].

A surface molecule of a liquid experience weaker forces from the vapour or the gas phase
than it would experience if the gas or vapour was replaced by a liquid. The surface molecule
therefore will suffer an inward force pulling him down to the bulk. This force will be normal
to the liquid surface. If a bulk molecule to be transferred to the surface, work has to be done
against this pulling down force. This makes a surface molecule having a greater energy
than a bulk molecule. The mentioned pulling dawn force is what is called the surface of
tension or simply surface tension.

The potential energy of the surface per unit area is the surface tension of a liquid. Therefore,
the unit of the surface tension is joule per square meter or J/m? or Newton per meter N/m
since the pulling down force will act on the length of the surface. Figure 1.1 shows bulk

and surface molecules and the bonds each makes with is the surrounding molecules.
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Figure 1.1. Surface and bulk molecules and the bonds they are making with
neighboring molecules.

The phenomenon of surface and interfacial tension finds its importance in many technological
process and applications. It finds application and existence in detergency and detergents
formulation. In coatings and oil recovery. Measurements of the surface tension are important
for the evaluation of the quality of a new made detergent or is made when formulation of a new

coating is synthesised [2].

1.2 Measuring Surface and Interfacial Tensions

There are several methods of surface tension measurements including [3]:

1. Stallagmometer method — drop weight method

2. Capillary rise method

3.Maximum bulk pressure method.

4. Wilhelmy plate or Du Nouy ring method

5. Methods analyzing the shape of the hanging liquid drop or gas bubble.

6. Dynamic methods.

The main method used in this work is the Wilhelmy plate method and therefore will be
described in details.

1.3 The Wilhelmy Plate Method
In this method, a probe made of platinum is utilised. This probe is made in a form of plate of
certain thickness. The technique is based on the calculation made on the perimeter of the plate

being wetted by the liquid. The plate has to be completely wetted by the liquid. It is of utmost



importance to precisely know the plate position in relation to the surface position. By making
notice of the exact moment of contact, the instrument will monitor any changes in force on the
plate. This happens when the surface is brought close to the plate. This position is labelled the
“zero depth of immersion”. Immersion of the plate to a known depth by the apparatus is made.
The depth of immersion is in the range of few mm below the liquid surface. Recording of the
force is made when the probe or plate is brought back to the zero depth. Direct measurement
of the adhesion tension is made by this method (Figure 1.2). This adhesion tension is when the
liquid acts on the perimeter of a plate. Certain accessories of this method are able to record the
advancing and receding angle of contact [4]. A change in force F will be recorded as the probe

is moved in and out of the liquid and this force is given by:
F = dwycos6 (1-1)

where 8 is the contact angle the plate makes with liquid surface, dis the thickness of the plate

and w is the width of the plate and y is the surface tension of the liquid.

|F

)/
A w
LA

Figure 1.2. Wilhelmy plate method for measurement of
surface tension of liquids.



1.4 Adsorption at Liquid Surfaces and Interfaces

We encounter adsorption phenomena in our daily life. An example is the condensation of water
vapor on the surface of glass bottle in hot climate. If a solute is added to pure water or to any
other liquid, the physical properties of that liquid or water will be influenced without changing
the chemical nature of water. Adsorption depends on the type and nature of the solute added.
Of the physical properties of the liquid that will be changed by addition of solute is its surface
tension. Some solutes such as electrolytes, acids and bases and salts will increase the
surfacetension of water. Other kinds of solutes will decrease the surface tension of water.
Increasing the surface tension of water means that the added substance does not like to migrate
to the surface and prefer to stay in the bulk. In this case, we will have negative adsorption. On
the other hand, when the added solute lowers the surface tension of water, it means that the
solute prefers to migrate to the surface. In this case, we will have positive adsorption. Examples

of solutes that lower the surface tension of water are alcohols and surfactants [5].

In order to understand adsorption phenomenon at liquid surfaces and interfaces, it is inevitable

to deal with the thermodynamics of adsorption based on Gibbs’s formulation.

1.5 Gibbs Adsorption Isotherm and Equation

Consider a system that is open to consist of two bulk phases separated by an interface that are
brought into contact with each other. The internal energy according to Gibbs treatment, when

the interface is subject to a hydrostatic pressure p, given by [6]:
dU =TdS —pdV + FdZ + Y u; dn; (1-2)

where U is the internal energy of the system, T is the temperature, S is the entropy, p is the
pressure, F is a force experienced by a molecule, V is the volume, Z is the surface area, y; is
the chemical potential of i component, and n; is the amount of i component. Let an extra
interfacial term be represented by FdZ, with F as the intensive and Z the coupled extensive

variable. Equ. (1-2) is related to the characteristic energy function by:
dU =TdS — pdV + zdF + Y du;n; (1-3)
Then the Gibbs-Duhem type equations given as:

dU = TdS — Vdp + ZdF + ¥ n;dy (1-4)



This formulation is valid for the displacement of the system along the multi-dimensional
equilibrium surface. For liquid-liquid and liquid-gas interfaces, which are considered to be
planar, the interfacial tension y is represented byF and the surface area is represented by Z.
Both of these quantities can be measured. Based on this fact and if the term FdZ is represented

by with ydA an extension of the surface work acts on the system can be made possible.

More specific equations to describe certain aspects of the system can be derived from these
generalized equations given by equations ( 2-4). Since we are concerns with the interface
between a liquid and a gas, focus will be on this type of interface and derivation of Gibbs

adsorption equation will be provided below.

Under constant temperature and constant pressures, the term TdSand the term Vdpin equation
(1-4) will be zero since the differential of a constant is zero. The assumption of the latter
condition is for the solid-liquid interfaces. This is because variations of the pressure do not
affect the thermodynamic properties of the adjoining condensed phases. It has to be mentioned
that the pressure is due to variation of the vapour pressure caused by changes of the composition
of the condensed phase. When one of the condensed phases is replaced by a gas (liquid-gas or
solid-gas), then the assumption of zero variation in pressure will be false. This is because at
constant temperature conditions when there are changes in concentration then there will be
certainly changes in pressure. When we have mixture of gases then it is possible to envisage a
series of varying relative compositions under constant pressure. When one uses the advantage
of general thermodynamic framework, then it is reasonable useful convention to select the
reference system so that the surface excess volume equals to zero. This is given by equation
(1-5) below:

Ve =V =noY2g — nfVF (1-5)

Equation 1-5 is the famous Guggenheim and Adam [6] equation. It has been derived from the
original equation of Gibbs. In his formulation Gibbs used an imaginary surface which was
named after his name. This surface or interface is called Gibbs dividing surface and is parallel
to the interface. The bulk phase considered here is to be homogeneous up to the interface and
this homogeneity start to break at the interface. In the previous formulation, the bulk phase
properties stay the same throughout the bulk. Smooth surface can be considered as Gibbs
dividing surfaces but it is not reasonable to regard porous adsorbents surfaces as Gibbs dividing
surfaces. Based on the mentioned discussion, the generalized differential Gibbs adsorption

isotherm equation is given by:



dF = — 2% dy, (d1,v°dp = 0) (1-6)

we can now specify equation (1-6) for liquid-gas interface.
Lets define V=0, F = y and Z = A and introduce further surface excess concentrations:

o
n;

I =1 (1-7)
where now A refers to area of the surface. Then equation (1-6) becomes:
dy = - ¥ Ldy; (1-8)

From the respective isothermal Gibbs-Duhem equations, each referred to unit amounts of the
two equilibrium bulk phases, there follows (with superscripts land g instead of a and R,

respectively):

9du. = 9du:
dP = >-Sxtdu, = Xcldp = y W= i

Vin

(1-9)

where x/ is the mole fraction of the liquid component, and x;" is the mole fraction of the gas

component, ¢} is the mount of the liquid phase and cig is the amount of the gas phase.

and thus:

duy = === — (1-10)

where Kk is the number of components. Now, introducing this into equation. (8), yields:

e (g c=c
dy = Sleo (R 55T di (1-11)
1 ™1
Equation. (1-11) can be simply written as:
dy = — 3K, dw (1-12)

From the above argument and equation. (1-12), the classical Gibbs adsorption equation can be

defined as:

n= ()= (@) w13

ou;

Using equation (1-13), one can calculate the surface excess concentration from the

concentration dependence of the surface tension. This is made possible if the activity



coefficient data are available. If it is difficult to obtain the activity coefficient data then it can

be approximated by the concentration.

1.6 Surfactants

Surfactants are chemical compounds that are surface active. These substances consists of
hydrophilic (water-loving) moiety (head group) and a hydrophobic (water-hating) moiety (tail)
as is illustrated in figure 1.3 [7].

Hydrophilic head
water loving

Buney Jarem
|1e3 o1qoydoipAH

Figure 1.3. Schematic sketch of a surfactant structure showing the main
structure moieties.

Surfactants have dual affinity [8] and this is the reason they are called amphiphiles. In 1929
the Swiss scientist Kurt VVon Neergaard discovered the first surfactant. Based on his studies in
the laboratory he suspected that there is pulmonary surfactant. Because of the surfactant dual
affinity, it does not fully like to be 100% in water which polar liquid nor likes to be 100% in a
non-polar solvent. Because of their dual character, these substances prefer to migrate to the
surface of the liquid to which they are added and accumulate there. They will orient themselves
in such a way that the solvent hating part will be close to air while the solvent loving part will

be into the surface of the liquid. This is illustrated for water in figure 1.4 below:



[1e} 2100ydopAH

Figure 1.4. Orientation of surfactant molecule at the water/air
interface.

If the amount of added surfactant is sufficient to fill the surface and the surface is saturated
then they will go to the bulk and aggregate and form a sort of spherical giant particles called
micelle [7-9]. These micelles usually consist of 50 or more surfactant molecules. In water
the water loving part of the micelle will be toward the water while the water hating part
will gather away from it. The hydrophilic head will be in the water and the hydrophobic
tail will be away from the water. This is illustrated in figure 1.5.

re1 a1goydoIpAH

Figure 1.5. Formation of micelles in water when the surface is covered with
surfactant molecules and sufficient amount of surfactant present.



If on the other hand the solvent is oil, the hydrophobic tail will be in the oil while the
hydrophilic head will be away from it. The presence of surfactant molecules at the water/air
interface will decrease the surface tension of water depending on the concentration of the

surfactant.

There are different types of surfactants, anionic, cationic and non-ionic:
1.6.1 lonic Surfactants

These substances have charged hydrophilic head and in industry they are used the most
[10]. When added to water they will dissociate to form surfactant anion and a metal ion
generally alkali metal ion (Na*, K%). Example of these arealkylbenzenesulfonates
(detergents), (fatty acid) soaps, laurylsulfate (foaming agent), di-alkyl sulfosuccinate
(wetting agent), lignosulfonates (dispersants). The world production consists of 50% of
anionic surfactants. Example of ionic surfactants is Sodium Dodecylsulphate which is

shown in figure 1.6 with other examples [10]:

Type Formula
Linear alkylbenzene R R=C,y—-Ci3
sulfonates (LAS) /©/
NaO3S
Alkylsulfonates NaO;S-R R=C;-Cy
«-Olefine sulfonates NaO;S-(CH,), ,HC=CH(CH,),CH; m+n=9-15
Alkylsulfates R R=C;-Cy;
N303S_0
Fatty alcohol NaO3S—0+{CH,CH,O}-R R=Cj,—Cpq; n = 1-4
ether sulfates
a-Sulfo fatty acid COOCH4 R=C4-Cys
methyl esters NaO5S
Sulfo succinate esters NaO3;S R=Ci»
NaOOC COOR
Soaps NaOOC-R R=C,y-Cys

Figure 1.6. Examples of ionic surfactant and their chemical structures.



1.6.2 Cationic Surfactants

These substances when in water dissociated into an amphiphilic cation and an anion, most
often of the halogen type [11]. Nitrogen compounds form the major class of these
compounds. These nitrogen compounds are fatty amine salts and quaternary ammoniums,
with one or several long chain of the alkyl type, often coming from natural fatty acids.
Cationic surfactants are more expensive than their counter part anionic surfactants because
of the way they are produced. They are usually produced or synthesised by high-pressure
hydrogenation reaction. Sometimes they are produced because there are no cheap
alternative and especially are made as bactericide and positively charged substance, which
can be adsorbed on negatively charged substrates to produce antistatic and hydrophobant
effect. This is of great commercial importance for corrosion inhibition. Examples of

cationic surfactants are shown in figure 1.7.

N
I\ (CH,),.CH, | cr

P

Cetylpyridinium chloride (CPC)

CH,

CH,(CH,),, CH,— N—CH,

CH,

Cetyltrimethylammonium bromide (CTAB)

CH,(CH,),,CH,

CH,(CH,),, GH,—N—CH,

CH,

Br~

Br-

Dimethyldidodecylammonium bromide (DDAB)

Figure 1.7 Chemical structures of some cationic surfactants.

10



1.6.3 Nonionic Surfactants

These chemical substances do not dissociate in water solutions because they do not consist
of ionisable groups. Their hydrophilic parts usually contain an alcohol, phenol, ether, ester,
or amide group [12-13]. A widely used non-ionic surfactant is polyethylene glycol obtained
by polycondensation of ethylene oxide. They are called polyethoxylatednon-ionics.
Recently, glucoside (sugar based) head groups have been introduced in the market. This is
because they are less toxic. Alkyl-benzene type groups are the most lipophilic group in

these types of surfactants. They usually come from fatty acids of natural origin. Examples

of non-ionic surfactants are shown in figure 1.8.

(IZH:g Pluronic
i
| HOtCHz CHy- 07 1CH-CH2 O} CH CHy O PEO-PPO—PEO
‘ CT":‘ C‘H-? Pluronic R
HO{C‘H'CHz'OﬁCHz'C[‘h'OmcH{cH‘O);H PPO-PEO-PPO
Poly CH;CH; PEO-PBO-PEO
/
(alkylene- HO{CHy CHz 05 {CH-CHy O {CHz CHa- O H
oxide) block
copolymers CHyCH, PBO-PEO
HO {CH-CH-07;{CHy CH O H
C',"s Ctlfa Tetronic
H{O-CHy CHj7f O CH CHaJm CHN {CHz CH O}7{CH; CHz O H
H{0-CHy CHal7¥0 GH CH3,, 2 TCHz CH O} {CHy CH O H
CH, CH,
, Brij
CHy{CH, It O-CH2-CH, 177 OH
Qligomeric
alkyl-ethylene
oxides CHa cra cva Tergitol
|
CH3-CH-CH-CHz CHz-CH+0-CHy CHzi OH
CHs CH:  cHocH Triton
Alkyl-phenol | / y
poly- CH;—C—CHz— llzfc._\ ,C0-CHy CHa}; OH
ethylenes | ! N
¥ CH; CH,; CHCH
HOICH, CHy Ot 0-CH;-CHy 1 OH Tween
clr-{+o—cuz—cn,};ou ﬁ
- [}
x+yrzew=20 CH;—0{CH,-CH 0}~ C—R
Sorbitan
esters
Span

HO OH ﬁ
U' C|H-CH2—D—C+CH2'}_,_—CH3

0
OH

Figure 1.8. Examples of non-ionic surfactants and their

chemical structures.
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1.6.4 Zwitterionic

There are certain surfactants that have both positive and negative groups. These are called
Zwitterionic or amphoteric surfactants. They usually have long chain and they are neutral
molecules. The length of their hydrocarbon hydrophobic chain determines their properties in
addition to their methylene segment number and their positive and negative charged groups.

Examples of these zwitterionic neutral surfactants are provided in figure 1.9.

polar head

glycerol
o=<°1 °\=o
v fatty acid

unpolar tail

A\Y

= N
OH 0% “o-

3-(4-tert-butyl-1-pyridinio)-
1-propanesulfonate

o) M. s
/\/\/\/\/\/\/\)J\H/\/\/N,/\/\g_o_ I\/—ﬁ—o T\/_?l )
(o] S—0
amidosulfobetaine-16 \ ('{ g

I 0 lauryl-N,N-(dimethyl)-glycinebetaine | . O| 3-(1-pyridinio)-
\/\/\/\/\/\/N - N\)\ _  1-propanesulfonate
| o I @

lauryl-N,N-(dimethylammonio)butyrate | o
Il

NI S—0"~

lauryl-N,N-(dimethyl)-propanesulfonate

NZo
o] IR N SNSRI PG,
NSNS g o- I
H Y2 il lauryldimethylamine N-oxide
c80 o

Figure 1.9. Examples of zwitterionic and their chemical structures.

hexadecyl phosphocholine (Miltefosine)
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Summary of surfactant types including examples on each and briefly their uses is given in table

11

1.7

Surfactant type Example Use
Anionic Alkyl sulfates, soaps, Calsoft®, | 50 % of overall industrial
Texapon® production, laundry detergent,
dishwashing liquids, shampoos
Cationic Quaternary ammonium salts Used together with nonionic

surfactants but not with
anionic, softeners in textiles,
anti-static additives

Nonionic Ethoxylated aliphatic alcohol, 45 % of overall industrial
polyoxyethylene surfactants, production, a wetting agent in
Triton™ X-100, Span®, coatings, food ingredient
Tergitol™
Zwitterionic Betaines, amphoacetates Expensive, special use e.g.
cosmetics

Table 1.1. Summary of the different types of surfactants providing examples on each and
their general uses.

. Importance of Surfactants

Because of their peculiar properties and their possible industrial application, scientist
around the world have been attracted to conduct research to understand
surfactantsbehaviour in solution and their possible modifications. This has led to a wide
range of published research articles. Books have been written to provide basic information
such as e.g Rosen [14] Myers [15] and Mittal [16]. Alkylbenzenesulfonates, ethersulfates
and alcohol ethoxylates have dominated the technological application of these surfactants.
These substances account for the major portion of surfactants used in industry. They are
mostly used in laundry detergents, personal care products and household products.
Research on their mixtures in order to enhance their properties and performance in industry
have been conducted. Commercially, and during the oil crisis in 1970s,micro-emulsions
have been formulated to enhance the production of oil. These newly formulated micro-
emulsion had been largely investigated. New formulations have been made by organizing
surfactant molecules into new shapes and structures. These newly created shapes and
structures have been heavily studied and manipulated in laboratories. Not only that but the
origin of life was suspected to be involved with such surfactant substances. Boundary
membranes which are assembles of lipid-like compounds may be an interstellar prebiotic

earth source of cell-membrane material. New surfactants have been synthesised in the past
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decade in such a rapid manner. This growth in surfactant synthesis has been paralleled the
emphasis on increasing the basic performance of surfactant formulations and the provision
of new surfactant technologies to a diverse range of disciplines. Despite all this progress
there is still issues that can be developed such as new surfactant formulation and new
research to deepen our understanding on surfactant properties in different types of
solutions. For example, new formulation in nanotechnology can been made. These new
materials have spurred on the quest for improved molecular models, computer simulations,

and improved structure—activity relationships [11,13].

1.8. Surface Activity of Surfactants
The surface activity of surfactants can be determined by measuring the surface tension of
surfactant solutions [16]. Figure 1.10 illustrate a general behaviour of the surface tension

of surfactant solution as function of logarithm of surfactant concentration.
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Figure 1.10. Behaviour of the surface tension of surfactant solution with
surfactant concentration.

When the concentration of the surfactant is low (segment A-B in figure 1.10), the surfactant
molecules will migrate to surface of the solution and align themselves in such a way to
keep the hydrophobic tail outside the surfactant solution and the hydrophilic part immersed
in the surfactant solution. When more surfactant is added (segment B-C), The surface
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tension of the solution starts to decrease rapidly until the critical micelle concentration
(CMC) is reached. This is marked by the point C. At the CMC of a surfactants two thing
start to happen. First, the surface tension starts to be constant and the micelle in the bulk of
the liquid or solution start to form. This means that above the CMC, where the line become
horizontal in the figure any further additions of surfactant are no longer being accompanied
by a decrease in surface tension. Each surfactant has its own CMC value. The value of the
CMC is affected by temperature; addition of simple salts such as sodium chloride and any
other additions such alcohol substances. A low CMC is favoured by increasing the
molecular mass of the lipophilic part of the molecule, lowering the temperature (usually),

and adding electrolyte.

1.9 Surfactant Mixtures

Mixed surfactant systems, including their mixed micelles exhibit changes in their physical
properties as compared to single-component surfactants and hence are of great theoretical and
practical interest [17]. These systems are encountered in numerous applications for the purpose
of separation foam, generation, dispersion, and detergency [18-19]. On the basis of the type of
head groups in surfactants, various combinations of non-ionic/cationic/anionic surfactants have
been studied by a number of workers [20-21] and several models have been proposed to
rationalize their behaviour [22-26]. Among them, two widely used models are those of Clint
[22] and Rubingh [23]. The former describes ideal surfactant mixtures, and the latter uses
regular solution theory to describe non-ideal surfactant mixtures. Among all of the possibilities,
binary mixtures of oppositely charged surfactants (i.e., cationic and anionic) are of special
interest because of their strong electrostatic interaction in water and thus enhanced surface
activity.

Research on surfactant mixtures is of considerable interest for numerous technical applications,
because surfactant mixtures enhance the performance of applications when compared to the
use of neat surfactants. When mixing surfactants, one is allowed to combine properties that are
of interest. In some cases even new properties are found, such as in the case of mixing cationic
and anionic surfactants.

There are many examples of surfactant mixtures in the household market. Since it is a well-
established idea that cationic and anionic surfactants cannot be present in the same formulation,
mixtures are generally between anionic/anionic, cationic/cationic, non-ionic/non-ionic,

amphoteric/amphoteric, anionic/nonionic, cationic/nonionic or amphoteric/nonionic.
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However, synergism increases with the degree of charge difference [27-28] meaning that
synergism between anionic/anionic or nonionic/nonionic is less than that between
anionic/nonionic or cationic/nonionic, which, in turn, is less than that between cationic/anionic.
Consequently, the higher synergism is obtained by mixing anionic and cationic surfactants, and
therefore, a better understanding of that system may broaden the horizon for household

formulations [28].

1.9.1. Anionic/Cationic Complexes

When small amounts of either anionic or cationic surfactants are added to an agueous solution,
they exist only as monomers in solution. When the concentration is increased and reaches the
CMC, micelles start to form. If, however, the concentrations of both the anionic and cationic
monomers exceed the solubility product, precipitation will occur. As precipitation generally
renders the surfactant ineffective in solution, it is important to understand that system.
Precipitation of anionic surfactants [29-31] and mixtures of anionic/nonionic surfactants [32]
has been previously successfully modelled, and the behaviour and physicochemical properties
of mixtures of a highly branched cationic and sodium alkyl sulfate have been widely studied
by Zhi-Jian Yu and co-workers [33-35]. Stellner and co-workers studied mixtures of anionic
and cationic surfactants [36] over a wide range of concentrations in order to develop a model
that could provide complete phase boundaries for that system. Figure 1.11 shows a schematic

diagram of the equilibrium proposed by Stellner [36].
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Figure 1.11. Schematic diagram of basic equilibrium in a
cationic/anionic system.

1.9.2. Mixed Surfactants at Interfaces

When surfactants of different types and charges are mixed the surface activity will be
different from the surface activity of the individual surfactants. The surface tension of the
mixed surfactants will be lower than the surface tension of the individual surfactant. The
presence for example of cationic surfactant with an anionic surfactant in the same solution
will cause synergistic effects. This synergism is of technological importance for wide
industrial applications. This is important in applications such as foaming, emulsification,
detergency [37]. Generally, synergistic effects seem to be negligible for mixtures of non-
ionic surfactants [38-41]. lonic/nonionic mixtures, on the other hand, do show appreciable
synergism, which in some cases can be described in terms of a regular solution model for
the surface mixture (42, 43). Maximum synergistic effects were found in cationic/anionic
mixtures. There is a physically simple explanation for the enhanced synergism in such
mixed charge systems. The basic idea is that only adsorption of electroneutral combinations
of ions can take place.

Because surfactants mixtures show more surface tension lowering and lower critical

micelle concentration than individual surfactants [44-48], mixed surfactants are widely
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used rather than individual surfactants for industrial applications. Recently, many studies
about different combinations of mixed surfactant systems have been reported, including
cationic/anionic [49-55], cationic/ cationic [56], cationic/nonionic [57], anionic/nonionic
[58] and zwitterionic/anionic [59] surfactant systems. It has been well known for a long
time that mixtures of anionic and cationic surfactants exhibit the largest synergistic effects,
as evidenced by the ultralow surface tension and CMC produced by these systems. Such
synergetic effects originate from the strong interactions between two surfactant molecules
with oppositely charged head groups [60-62]. They are important for a wide range of
applications in industries such as enhanced oil recovery and pharmaceutical applications,
wastewater treatment, textile wetting, detergency, froth flotation, paper manufacturing and

pharmaceutical production [63—-65].

1.10 Effect of Temperature and Salt Addition

Changing the temperature and/or adding simple salt will change the critical micelle
concentration of a surfactant or surfactant mixture. Chen et al [66] investigated the temperature
effect on the CMC of n-dodecyl polyoxyethylenemonoether by Wilhelmy plate technique in
the range of 10-80 °C. They also evaluated the effects of enthalpy and entropy on micelle
formation. Their results indicated that the temperature of 321 K was excellent for their
experiments. Noll et al. [67] studied the effect of temperature, salinity, and alcohol on the CMC
of a series of surfactants and showed that the CMC of the studied surfactants increased with a
rise in temperature, and the presence of electrolyte at a fixed temperature lowered the CMC
but increased the sharpness of the onset of micellization. Maeda et al. [68] determined the CMC
of dodecyl dimethyl amine oxide (DDAO) at 25 °C as a function of NaCl concentration for
both nonionic and cationic species by measuring the surface tension. Their research showed
that the CMC of the cationic species was lower than that of the nonionic species in the range
of NaCl concentration higher than about 0.2 M, which strongly suggested an attractive
interaction between the head groups of two cationic species in micelles, most probably the
hydrogen bonding (Maeda et al., [68]). Parak et al. [69] evaluated the synergistic effect in
micelle formation of surfactant mixtures at different mass ratios of various surfactants by the
surface tension measurement method; a mixture consisted of anionic (alpha olefin sulfonate
[AOS]) and nonionic (Triton X-100) surfactants at ratios of 1:2, 1:1, and 2:1. They concluded
that the CMC of the mixed surfactants decreased by raising the mole fraction of TX100 in the

system, which reduces the electrostatic repulsion of the charged head group of the anionic
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surfactant, thereby causing the mixture to reach CMC more easily. However, the CMC of the
mixed surfactants was not intimately linked to the mole fraction of Triton X-100 in the mixture
after equilibrium [69]. Sammalkorpi et al. studied the properties of sodium dodecyl sulfate
(SDS) aggregates in saline solutions of excess sodium chloride (NaCl) or calcium chloride
(CaCl2) ions through extensive molecular dynamics simulations. They observed that
significantly more stable salt bridges between the charged SDS head groups were mediated by
Ca?" than Na*. The presence of these salt bridges helps stabilize the more densely packed
micelles [70]. Karnanda et al. [71] investigated the effects of surfactant type, salt type,
temperature, and pressure on the CMC of Triton X-405 and Zonyl FSE. They reported that
temperature and pressure had no effect on the CMC of Triton X-405; however, the CMC of
Zonyl FSE solutions decreased by increasing pressure but leveled out by raising temperature
except at temperatures higher than 80 °C, where CMC increased [71]. Khanamiri et al. [72]
studied the effect of brine composition on the rock and injected fluid properties. They observed
that the CMC of their surfactant (SDBS) in the pure sodium chloride solution and Ca?*/Na*
ratio of 0.022 were nearly 105 mg/L and 65 mg/L respectively. The CMC of the surfactant
without any salt was 500 mg/L. Their experiments showed that increased ionic strength in the
presence of sodium chloride and the combination of sodium chloride and calcium chloride led
to a reduction in CMC [72]. Javadian et al. [73] evaluated the micellization characteristics of
mixtures of CTAB and TritonX-100 in aqueous media containing different concentrations of
NaBr by surface tension (ST) method. They showed that decreasing the electrostatic
interactions by raising the ionic strength of the solution had a better influence on the planar
air/solution interface than on the convex micellar surface in the solution [73]. Miyagishi et al.
[74] investigated the effect of a series of salts on the CMC of nonionic surfactants (N-acyl-N-
methylglucamides). Their experiments illustrated that salt can lower the CMC value, and a
decline in CMC was observed in the order of Ca> Na > K> Cs > Li for cations and in the order
of SO*> CO3> SO3> HPO4> F >CI> Br > NOz> | > SCN for anions (Miyagishi et al., [74).

Recently, in our lab. at the University of Hebron, department of chemistry, Irzigat and Takrori
[75] studied the effect of temperature and salt addition on the critical micelle concentration of
SDBS and found a similar trends as those found by Khanamiri et al. [72]. Their study however
was an extended one with much wider temperature range and salt combinations. Owiwi [76]
studied the effect of salt addition on the behaviour of the cationic surfactant
benzyldimethylhexadecylammonium chloride (BAC) and found the CMC of the surfactant

indeed decreases with the addition of salt.
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In this work | studied the effect of temperature and salt addition on the surface tension of
benzyl-dimethyl-hexadecyl-ammonium chloride alone and its mixture with sodium dodecyl
benzene sulfonate. Measuring the surface tension was carried out by the state-of-the-
artKRUSSK-100force tensiometer. The effect of added salts and changing temperature on the
surface tension of the cationic/anionic mixture was investigated. To the best of our knowledge,
this cationic/anionic mixture has never been studied before neither in pure water nor as a

function of salt addition at different temperatures.
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Chapter 2

Material and Experimental Techniques

2.1 Material

2.1.1 Surfactants:

The main material used was benzyldimethylhexadecyl ammonium chloride (16-BAC)
which was obtained from Sigma —Aldrich with purity of 99.7%. It is an organic
compound with the molecular formula C23H42CIN and has a molar mass of 396.09 g mol’

1 This cationic surfactant is white powder. Its structural formula is shown in figure 2.1

HaC CHs

Figure 2.1. Structural formula of Benzyl-dimethylhexadecyl
ammonium chloride (16-BAC).

Sodium dodecyl benzene sulfonate (SDBS) was obtained from Sigma — Aldrich with
purity of 99.8%. It is an organic compound with molecular formula C1gH29NaOsS and
molar mass of 348.48 g molL. The anionic surfactant is a white to light yellow sand like—
solid. The structure of SDBS surfactant used is shown in figure 2.2:

O

#—ONa

@
CH3(CH2)19CH3

Figure 2.2. Structural formula of sodium dodecyl benzene
sulfonate (SDBS).
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2.1.2 Salts

Sodium chloride (NaCl) from Sigma Aldrich with purity of 99.99% by mass and molar
mass of 58.44 g mol™. Calcium chloride (CaCl,) from Sigma Aldrich with purity of

99.99% by mass and molar mass was of 110.98 g mol™.

2.2 Equipment and Tools.

2.2.1 Tensiometer

The state of the art K100-MK3 tensiometer (Kruss, Germany) was used to measure surface
tension. A photo of the apparatus is shown in figure 2.3. The tensiometer is fully automatic,
with high resolution (0.01mN/m) and constant position force measurement with overloud
protection. It is equipped with high precision force sensor that does not have to be recalibrated

and with thermostat jacket for temperature — controlled measurement between — 10 and 130°C.

Figure 2.3. Force Tensiometer — K100 (Kruss- Germany)
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2.2.2 Temperature Control

A refrigerated circulating water bath connected to the tensiometer was used to control
the temperature. It has accuracy of +0.1°C. The temperature controller is shown in Figure

2.4. This circulating water bath was used for cooling and heating.

~

Figure 2.4. Refrigerated circulating water bath with temperature controller
that has accuracy of £0.1°C.

2.2.3 Furnace

For drying the salts used in this work, a lab furnace manufactured by CM Furnaces was
used. It has a maximum operating temperature of up to 2000 K. The salts were dried
below their melting point. The furnace has sealed designs that support atmosphere control
necessary for advanced processes including heat treating, sintering, annealing, glass or

ceramic firing.
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Figure 2.5. Furnace with heating temperature up to 2000.
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2.3 Methods

2.3.1 Preparation of Tools and Measuring Procedure

Throughout this work freshly prepared distilled water was used to prepare solution, and
to clean the tools. Distilled water was tested all the times repeatedly for the values of
surface tension and conductivity to ensure its purity. All glassware (breakers, volumetric
flasks, pipets, burets, funnel, spatulas) were carefully cleaned by filling them with
distilled water and boiling them for several hours and then rinsed them thoroughly with
distilled water again.

The procedure that was followed for all surface tension measurements was as follows:
before the beginning of any measurement, the tensiometer was switched on for two hours
to get the magnet inside the measuring chamber to the right temperature as this was
recommended by the manufacturer. The surface tension of the freshly prepared distilled
water was measured repeatedly to ensure that the tensiometer is working properly and

the quality of water purity is accepted.

2.3.2 Surfactant Solution Preparation

The accepted values of surface tension of distilled water at room temperature (25C°) was
in range between 71-72 mN/m. Before any reading of surface tension measurement, the
plate was heated to redness using propane torch to get rid of surface impurities according
to manufacturer instructions. The temperature of the solution vessel was brought to the
required value and kept for about half an hour to reach thermal equilibrium. Measurement
of surface tension of each sample was repeated three times and the average value was
tabulated. The temperature of the sample was measured at the surface. This surface
temperature was measured with an accurate thermocouple that was supplied with the
tensiometer.

Preparation of different concentrations of surfactant was carried out by successive
dilution using serial dilution from stock solution to determine the CMC. It was done as
follows: a 200 ml of the highest concentration was prepared and divided to two parts.
Half of the solution used for surface tension measurement and the other half was diluted
by adding distilled water in the 200 ml volumetric flask to the mark and thoroughly
mixed. The process was repeated until the lowest desired concentration was achieved.

The solution in question were prepared 24 hours in advanced to ensure that they reached
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equilibrium. The CMC values of 16-BAC alone or in the presence of added salts and
SDBS at different temperature were determined by plotting the data using the powerful

plotting and fitting program Origin 8.
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Chapter 3

Results and Discussion

3.1 Surface Tension of BAC Agueous Solution

Figure 3.1 shows the surface tension of BAC surfactant in pure water as a function of BAC
concentration and temperature from 10 °C to 50 °C in steps of 10 degrees. From figure 1, one
can see that the surface tension decreases with increasing surfactant concentration and then

saturates at the critical micelle concentration of 0.50 mM at 20 °C and 0.474 mM at 30 °C.
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Figure 3.1 Surface tension of BAC aqueous solution as a function of BAC
concentration and temperature. The CMC of BAC was determined to be 0.5mM at
20°C.
Nazrul et al [77] determined the critical micelle concentration of BAC and reported a value of
0.6 mM at 35 °C. Within experimental errors our value is close to their value and in the same
order of magnitude. The behaviour of the CMC of BAC as a function of temperature is shown
in figure 3.2. The CMC decreases with increasing temperature. This can be explained by
multiple factors. First of all, as temperature increases there will be a decrease in the
hydrophilicity of the surfactant molecules. At higher temperatures there will a reduction in the
hydration of hydrophilic group. Second of all, as the temperature increases the micellization
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onset occurs at lower concentrations. On the other hand, dissolving the surfactant molecules in
distilled water makes the hydrophobic group distorts the water structure. Additionally increase
in temperature also causes an increase in the breakdown of the structured water surrounding

the hydrophobic groups, which disfavours micellization.
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Figure 3.2 Critical micelle concentration of BAC as a function of
temperature. The solid squares are the experimental points and the solid

line in just to guide the eye.

3.2 The Surface Excess Concentration of BAC :
The surface excess concentration I' of BAC in pure water was calculated according to the

Gibbs’s adsorption equation:

_ _ 1 _adr ]
I'= RT dIn(C) (3-1)

where R is the gas constant, T is the temperature and C is the concentration of the surfactant.

So as was mentioned before, from the plot of the surface tension with logarithm of the
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surfactant concentration, the surface excess concentration can be determined. Figure 3 shows
the surface excess concentration as a function of temperature. As can be seen, the surface
excess concentration decreases with increasing temperature, which can be explained by better
solubility of the surfactant at higher temperature. When temperature increases the solubility of

the surfactant increases which in turn will decrease the surface excess concentration.

I i I i I i I i I
BAC in pure water

1.1x10°

1.0x10° | i

9.0x10° F .

8.0x10° i

T (mol / m?)

7.0x10° | .

6.0x10° | .

280 290 300 310 320 330
T (K)

Figure 3.3 The surface excess concentration of BAC as a function temperature. The

open circles are the experimental points and the solid line is just to guide the eye.

3.3 Surface Tension of BAC Solutions, Temperature and Salt Effects

Figures 3.4-3.6 show the surface tension of BAC aqueous solutions as a function of BAC
concentration and temperature in 0.1 M, 0.2 M and 0.3 M NacCl, respectively. As can be seen,
the surface tension decreases with increasing both the BAC concentration and temperature. The
micellization of ionic surfactant is a delicate balance between the favourable interaction
between the hydrophobic alkyl chains and the opposing repulsive interaction between the

charged head group along with the extent of screening of the micelle surface charge by the
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associated counterions. From figures 3.4-3.6, it is extracted that the CMC decreases
significantly in the presence of the added electrolytes, favouring aggregation of the surfactant
molecules in the bulk of the aqueous solution. The counterions adsorb at the micelle surface
and thereby screen the charge of the surfactant head group. As a result, electrostatic repulsion
between the surfactant molecules is substantially reduced. The screening of the micelle surface
charge reduces the electrostatic repulsion between the charged head groups and promotes

growth of micelles.

The counter-ions that remain bound to the micelle surface are distributed among the ionic
surfactant heads, causing a lowering of the net micelle surface charge. As a result, the
electrostatic repulsion between the head groups is significantly reduced, favouring a closer
packing of the molecules, which facilitates micellar aggregation at a much lower BAC
concentration in the presence of added electrolytes. As mentioned above, because of steric
hindrance, tetraalkylammonium derivatives suffer from spatial distribution of water and

therefore behave like a chaotrope (a molecule that disrupt the hydrogen bonding between water

molecules).
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Figure 3.4 Surface tension of BAC aqueous solutions as a function of BAC concentration and temperature in

0.1 M NaCl. Open symbols are the experimental points and the solid line is just to guide the eye.
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Figure 3.5 Surface tension of BAC aqueous solutions as a function of BAC concentration and temperature

in 0.2 M NaCl. Open symbols are the experimental points and the solid line is just to guide the eye.
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Figure 3.7 shows the critical micelle concentration as a function of temperature of BAC in pure

water in comparison with that of BAC at different concentrations of NaCl solutions.
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Figure 3.7 Critical micelle concentration as a function of temperature of BAC in pure water
in comparison with that of BAC in different NaCl concentration of 0.1 M, 0.2 M and 0.3 M

NaCl. The solid line is drawn to guide the eye.

From figure 3.7 it is possible to note the following:

1. There is a decrease in CMC with increasing temperature. Due to the smaller probability
of hydrogen bond formation at higher temperatures, the decrease of the CMC with
temperature is a consequence of the decreased of hydrophilicity of the surfactant
molecules. In other words, the increase in temperature causes the reduction in hydration
of the hydrophilic oxyethylene group, which favour micellization.

2. There is a significant decrease in CMC in NaCl solutions in comparison to that in pure

water. The magnitude of the reduction depended on the salt concentration. The higher



the NaCl concentration the higher the decrease in CMC. The factors which operate in
ionic surfactant solutions tending to retard surface molecules migration are likely to be:

a. The electrokinetic potential in the electrical double layer surrounding an ionic species
that is developed when the compound dissociates.

b. The hydrophobic bonding between the non polar hydrocarbon portions of the surfactant
and “iceberg” water. These factors may also govern the degree of micellization of the
surfactant at high concentration. With a nonionic surfactant, account must be taken of
the hydration forces due to the presence of hydroxyl groups and ether linkages which
can make hydrogen bond with water molecules. The observed reduction in interfacial
tension and the lowering of the CMC by salts may be due to a reduction of the factors
retarding migration by the salts. In addition, interfacial packing of the adsorbed
monomers, particularly of the ionic type, can be increased by the presence of salts as a
result of the reduction in electrostatic repulsive forces between the charged heads in the

aqueous phase adjacent to the interface.

3.4 Effects of CaClz2 Addition

The surface tension as a function of BAC concentration at different CaCl> concentration of 0.1
M, 0.2 M and 0.3 M are shown in figures 3.8-3.10. As can be seen, the surface tension deceases
with increasing BAC concentration up to its critical micelle concentration. The surface tension
decreases with increasing temperature. Figure 11 shows the critical micelle concentration,
extracted from figures 8-10, as a function of temperature and different CaCl, concentrations.
The CMC decreases with increasing temperature and increasing CaClz concentration. As the
system temperature increases, the CMC decreases owing to the smaller probability of hydrogen
bond formation at higher temperatures while the decrease of the CMC with temperature is a
consequence of the decreased hydrophilicity of the surfactant molecules. As was mentioned
before, the increase in temperature causes the reduction in hydration of the hydrophilic
oxyethylene group, which favour micellization. Consequently, an increase in temperature
causes micellization onset to occur at lower concentrations. On the other hand, dissolving the
surfactant molecules in distilled water makes the hydrophobic group distorts the water
structure. Additionally increase in temperature also causes an increase in the breakdown of the

structured water surrounding the hydrophobic groups, which disfavours micellization.
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Figure 3.8 Surface tension of BAC aqueous solutions as a function of BAC
concentration and temperature in 0.1 M CaCl,. Open symbols are the experimental

points and the solid line is just to guide the eye.
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Figure 3.10 Surface tension of BAC aqueous solutions as a function of BAC
concentration and temperature in 0.3 M CaCl,. Open symbols are the experimental

points and the solid line is just to guide the eye.
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Figure 3.11 Critical micelle concentration of BAC as a function of temperature and at
different CaCl, concentration as indicated in the figure. The solid lines are just to guide
the eye.

3.5. Mixed Surfactant System

The optimization of mixtures of surfactants in aqueous solution is an important part of the
formulation of many commercial cleaning products. There are many examples in the literature
showing that binary mixtures of different types of surfactants are non-ideal in such a way that
important properties of the mixture are quite different from those of the individual species [78-
85]. One of the keys to the successful use of mixtures in commercial formulations is to take
advantage of this synergy, but the prediction of the properties of such strongly interacting

systems is not trivial.



The surface tension of Benzyl-dimethyl-hexadecyl-ammonium chloride/Sodium dodecyl
benzene Sulfonate mixture have been measured in this work. Figure 3.12 shows the surface
tension of BAC/SDBS mixture as a function of BAC concentration at a fixed amount of SDBS
of 0.0184 g at 25 °C.
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Figure 3.12 Surface tension of BAC/SDBS as a function of BAC concentration at
a fixed amount of SDBS of 0.0184 g. The solid line is drawn to guide the eye.

As can be seen from figure 3.12, the surface tension first increases from a value of 38 mJ/m?,
reaches a maximum of 53 mJ/m? and then decrease to value of 31 mJ/m?. The BAC
concentration at the maximum is 0.073mM, which is much lower than its CMC of ~ 0.6 mM
and also much lower than the CMC of SDBS of 2.7 mM. The amount of SDBS (molar mass
288.3 g/mol) added (0.0184 g) corresponds to 0.063 mM of SDBS. The maximum of the peak
occurs at 0.114 mM BAC which is far from-equimolar value of both surfactants. Such a
behaviour may be explained as following: at the beginning of the peak (at y = 38 mJ/m?) and

at very low BAC concentration, the water surface is partially covered with BAC and SDBS.
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Since the amount of SDBS is more than that of BAC then there is more SDBS than BAC and
the synergetic effect is maximum and the surface tension is low. As more BAC is added this
synergetic effect is disturbed as one approaches the 1:1 molar ratio and the surface tension
starts to increase. Far from the 1:1 molar ration, there is no charge neutrality and the surface
tension is maximum. As more and more BAC is added beyond the 1:1 molar ration and since

the CMC of BAC is approached the surface tension starts to decrease again.

Figure 3.13 below shows the surface tension of BAC aqueous solutions as a function of BAC
concentration with 0.0241 g SDBS added at 10, 20 ,30 ,40 and 50 °C. The surface tension as is
well known decreases with increasing temperature. At all temperatures in figure 13 there is
peak in the behaviour of the surface tension as a function of BAC concentration. Again in the
beginning the surface tension is very low when the surface is partially covered with both BAC
and SDBS and then as more BAC is added the surface tension starts to increase reaches a
maximum and then starts decreasing again. However, what is very interesting is that the
maximum of the peak shifts to lower BAC concentration as temperature increases and the value
of the surface tension occurs at lower values as temperature increases. As temperature
increases, the critical micelle concentration of both surfactant decreases and this explains the

shift in cmc as temperature increases.
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Figure 3.13 Surface tension of BAC aqueous solutions as a function of BAC concentration with

0.0241 g SDBS added at different temperatures. The solid lines are drawn just to guide the eye.

Figure 3.14 shows the surface tension of BAC aqueous solutions as a function of BAC
concentration with added 0.0672 g of SDBS at different temperatures as indicated in the figure.
This set of data was obtained in pure water. Here again there is peak in the surface tension
behaviour as a function of BAC concentration with the addition of SDBS. It has to be
mentioned that surfactant mixtures have shown synergetic effects in their surface activity and
surface properties. Here again the surface tension decreases with increasing temperature as the
maximum of the peak occurs at lower surface tension value. With the exception of the data at
10 °C, the maximum of the peak shifts to lower BAC concentration as temperature increases.
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Figure 3.14 shows the surface tension of BAC aqueous solutions as a function
of BAC concentration with added 0.0672 g of SDBS at different temperatures

as indicated in the figure. This set of data was obtained in pure water.

Figure 3.15 shows the surface tension of BAC concentration as a function of BAC
concentration with 0.0672 g of SDBS added at two different temperatures of 10 and 40 degree
Celsius. As can be seen, the surface tension decreases with increasing temperature as the
maximum of the peak occurs at lower values of the surface tension. In addition, salt addition
decreases the value of the surface tension at which the peak maximum occurs. In pure water
there is shift in the maximum of the peak to lower BAC concentration while in the presence of
the salts there is little shift in the maximum of the peak. The presence of the salt, as was in the
case of the individual surfactants is known to decrease the cmc of the surfactant. It seems that
the salt screen similar charge repulsion and enhance the charge / charge attraction of dissimilar
charges on the surfactants head groups. It seems that the salt enhances the synergetic effect of

the mixed surfactant system.
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Figure 3.15 Surface tension of BAC aqueous solutions as a function of BAC
concentration with 0.0672 g SDBS added at two different temperatures. The solid

lines are drawn just to guide the eye.

The surface tension of BAC aqueous solutions as a function of BAC concentration at different
temperatures is shown in figure 16. In the latter figure, the surface tension in the beginning is
very low and as more BAC is added it starts to increase reaching a maximum value and then
starts to decrease. This is almost the same behaviour as before. The maximum of the peak

decreases with increasing temperature.

The surface tension at the maximum of the observed peak as a function of the amount of SDBS
added is shown in figure 3.17. It can be seen that the surface tension at the maximum of the
peak decreases with increasing the added SDBS amount. This effect indicates that the

synergetic effect is more the higher the SDBS added amount.
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Figure 3.16 Surface tension of BAC aqueous solutions as a function of
BAC concentration with 0.139 g SDBS added at two different temperatures.

The solid lines are drawn just to guide the eye.
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3.6 Conclusions :

In this work, the surface tension of the aqueous solution of pure Benzyl-dimethyl-hexadecyl-
ammonium chloride and its mixture with Sodium dodecyl benzene Sulfonate and their mixture

at different temperatures was studied. The following can be concluded;

1. For the surface tension of aqueous solutions of pure Benzyl-dimethyl-hexadecyl-
ammonium chloride at different temperature and different salts concentration, the
surface tension was found to decrease with increasing temperature.

2. For the same system in point a, the critical micelle concentration was found to
decrease with increasing temperature and added salt.

3. Changing the valency of the cation of the added salt has no effect on the value of the

critical micelle concentration of Benzyl-dimethyl-hexadecyl-ammonium chloride.
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For the surface tension of a mixture of Benzyl-dimethyl-hexadecyl-ammonium
chloride with the anionic surfactant SDBS, a peak was observed is the behaviour of
the surface tension as a function of BAC concentration.

. The maximum of the observed peak was found to decrease with increasing
temperature and addition of NaCl salt.

. The surface tension at the maximum of the peak is found to decrease with increasing
the mount of added SBDS.

Synergetic effect was found in the entire mixture range studied.

45



References

[1] Marios Sophocleous, Understanding and explaining surface tension and capillarity,
Hydrogeology Journal 18: 811-821 (2010).

[2] Brown RC, The fundamental concepts concerning surface tension and capillarity. Proc
Phys Soc 59:429-446(1947).

[3] Hartland, S., ed., Surface and Interfacial Tension: Measurement, Theory, and
Applications , CRC Publishers, Boca Raton, FL,( 2004).

[4] Schay G. Pure &Appl. Chem., Vol. 48, pp. 393-400. Pergarnon Press, (1976)

[5]. Guggenheim E. A and N. K. Adam, Proc. Roy. Soc. A139, 219(1933).
[6] Becher P., "Emulsions: Theory and Practice”, Reprint, Krieger Pub. (1977).

[7] Schwartz A.M., Perry J.W. Berch J., "Surface Active Agents and Detergents

Volume 11" R. Krieger Pub. Co., New York. Reimpression de I'edition de

Interscience de I'année 1958 avec quelquesannexes (1977).

[8] Davidsohn A.Mildwidsky B., "Synthetic Detergents”, Halsted Press, (1978).

[9] McCutcheon "Detergents and Emulsifiers”, McCutcheon Division Pub. Co., 175 Rock
Road Glen Rock NJ 07452 (Annuel, 3 volumes).

[10] Linfield W. M., Editor, "Anionic Surfactants”, Marcel Dekker, New York (1976)

[11] Jungerman E., Editor, "Cationic Surfactants"”, Marcel Dekker, New York (1970)

[12] Schick M. J., Editor "Nonionic Surfactans”, Marcel Dekker, New York (1967). 2eme
Edition avec des nouveaux sujets (1988).

[13] Proceedings. World Conference on Soaps and Detergents, Journal of the American Qil
Chemists Society, volume 55, N° 1 (1978).

[14] M. J. Rosen, Surfactants and Interfacial Phenomena, Wiley, New York, NY, 2nd edn., ,
p-393 (1989).

[15] D. Myers, Surfactant Science and Technology, VCH, New York, (1988).

[16] Solution Chemistry of Surfactants, ed. K. L. Mittal, Plenum, New York, , vol. 1-2(1979).
[17] O 'Lenick A., J. Surfactants and Detergents 3: 229, & 387 (2000).

[18] Lang G. Chen and Harry Bermudez, Charge Screening between Anionic and Cationic
Surfactants in lonic Liquids, Langmuir 29, 2805—2808 (2013).

[19] Holland, P. M.; Rubingh, D. N. Mixed Surfactant Systems — An Overview. ACS Symp.
Ser. 501, 2-30 (1992).

[20] Ong, C. P.; Ng, C. L.; Lee, H. K.; Li, S. F. Y. The Use of Mixed Surfactants in Micellar
Electrokinetic Chromatography. Electrophoresis 15, 1273—1275 (1994).

46


https://www.researchgate.net/profile/Marios-Sophocleous

[21] Shiloach, A.; Blankschtein, D. Measurement and Prediction of lonic/Nonionic Mixed
Micelle Formation and Growth. Langmuir14, 7166—7182 (1998).

[22] Kume, G.; Gallotti, M.; Nunes, G. Review on Anionic/Cationic Surfactant Mixtures. J.
Surfactants Detergent. 11, 1-11 (2008).

[23] Clint, J. H. Micellization of Mixed Nonionic Surface-Active Agents. J. Chem. Soc.,
Faraday Trans. 71, 1327—-1334 (1975).

[24] Holland, P. M.; Rubingh, D. N. Non ideal Multi component Mixed Micelle Model. J.
Phys. Chem. 87, 1984—1990 (1983).

[25] Motomura, K.; Yamanaka, M.; Aratono, M. Thermodynamic Consideration of the
Mixed Micelle of Surfactants. Colloid Polym. Sci.262, 948—955 (1984).

[26] Puvvada, S.; Blankschtein, D. Thermodynamic Description of Micellization, Phase-
Behavior, and Phase-Separation of Aqueous-Solutions of Surfactant Mixtures. J. Phys. Chem.
96, 5567-5579 (1992).

[27] Shiloach, A.; Blankschtein, D. Predicting Micellar Solution Properties of Binary
Surfactant Mixtures. Langmuir 14, 1618—1636 (1998).

[28] Rosen MJ, Hua XY, Synergism in binary mixtures of surfactants: Il. Some experimental
data. J Am Oil ChemSoc 59:582 (1982).

[29] Kume, G., Gallotti, M., &Nunes, G., Review on Anionic/Cationic Surfactant Mixtures.
Journal of Surfactants and Detergents, 11(1), 1-11 (2007).

[30] Matheson KL, Cox MF, Smith DL, Interactions between linear alkylbenzenesulfonates
and water hardness ions. I. Effect of calcium ion on surfactant solubility and implications for
detergency performance. J Am Oil Chem Soc 62:1391 (1985).

[31] Peacock JM, Matijevic” E, Precipitation of alkylbenzenesulfonates with metal ions. J
Colloid Interface Sci 77:548 (1980).

[32] Kallay N, Pastuovic” M, Matijevic” E (1985) Solubility and enthalpy of precipitation of
magnesium, calcium, strontium, and barium dodecyl sulfates. J Colloids Interface Sci 106:452
(1985).

[33] Stellner KL, Scamehorn JF, Surfactant precipitation in aqueous solutions containing
mixtures of anionic and non-ionic surfactants. J Am Oil Chem Soc 63:566 9 (1986).

[34] Yu Z-J, Xu G, Physicochemical properties of agueous mixtures of tetrabutylammonium
bromide and anionic surfactants. 1. Temperature-induced micellar growth and cloud point
phenomenon. J Phys Chem 93:7441 8 (1989).

47



[35] Yu Z-J, Zhou Z, Xu G, Physicochemical properties of aqueous mixtures of
tetrabutylammonium bromide and anionic surfactants. 2. Micellar growth patterns and the
effect of inter micellar interactions on light-scattering data. J Phys Chem 93:7446 9 (1989).
[36] Yu Z-J, Zhang X,Xu G, Zhao G-X, Physicochemical properties of aqueous mixtures of
tetrabutylammonium bromide and anionic surfactants. 3. Effects of surfactant chain length and
salinity. J Phys Chem 94:3675 (1990).

[37] Stellner KL, Amante JC,Scamehorn JF, Harwell JH, Precipitation phenomena in mixtures
of anionic and cationic surfactants in aqueous solutions. J Colloid Interface Sci 123:186 (1988).
[38] Lucassen-Reynders, E. ., Lucassen, J., & Giles, D. Surface and bulk properties of mixed
anionic/cationic surfactant systems i. equilibrium surface tensions. Journal of Colloid and
Interface Science, 81(1), 150-157 (1981).

[39] Lange, H., and Beck, K. H., Kolloid Z.Z. Polym. 251, 424 (1973).

[40] Garrett, P. R., J. Chem. Soc. Faraday Trans I. 72, 2174 (1976).

[41] Ingrain, B. T., and Luckhurst, A. H. W. ,in "Surface Active Agents," p. 89. S.C.I., London,
(1979).

[42] Lucassen-Reynders, E. H., J. Colloid Interface Sci. 42, 563 (1973); in "Physical Chemistry
of Surfactant Action”, p. 1. Dekker, New York, (1981).

[43] Ingram, B. T., Colloid Polym. Sci. 258, 191 (1980).

[44] Abe M, Kato K, Ogino K Effects of inorganic electrolytes and of pH on micelle formation
of amphoteric-anionic mixed surfactant systems. J Colloid Interface Sci 127:328-335,(1989).
[45] Shiloach A, Blankschtein D Prediction of critical micelle concentrations and synergism
of binary surfactant mixtures containing zwitterionic surfactants. Langmuir 13:3968-
398,(1997).

[46] Mulqueen M, Blankschtein D Prediction of equilibrium surface tension and surface
adsorption of aqueous surfactant mixtures containing zwitterionic surfactants. Langmuir
16:7640-7654, (2000).

[47] Iwasaki T, Ogawa M, Esumi K, Meguro K Interactions between betaine-type zwitterionic
and anionic surfactants in mixed micelles. Langmuir 7:30-35,(1991).

[48] Christov NC, Denkov ND, Kralchevsky PA, Ananthapadmanabhan KP, Lips A
Synergistic sphere-to-rod micelle transition in mixed solutions of sodium dodecylsulfate and
cocoamidopropylbetaine. Langmuir 20:565-571,(2004).

[49] Marques E, Khan A, Miguel MC, Lindman B Self assembly in mixtures of a cationic and
an anionic surfactant: the sodium dodecyl sulfate—didodecyldimethylammonium bromide—
water system. J Phys Chem 97:4129-4736,(1993).

48



[50] Wang K, Yin H, Sha W, Huang J, Fu H Temperature sensitive aqueous surfactant two-
phase system formation in cationic-anionic surfactant systems. J Phys Chem B 111:2997-3005,
(2007).

[51] Liuand L, Rosen MJ The interaction of some novel diquaternary gemini surfactants with
anionic surfactants. J Colloid Interface Sci 179:454-459, (1996).

[52] Go'ralczyk D, Kita K Properties of anionic—cationic adsorption films. Colloids Surf A
139:329-334, (1998).

[53] Go'ralczyk D Properties of anionic—cationic adsorption films: part 2. Colloids Surf A
196:25-30,(2002).

[54] Patist A, Chhabra V, Pagidipati R, Shah R, Shah DO Effect of chain length compatibility
on micellar stability in sodium dodecyl sulfate/alkyltrimethyl ammonium bromide solutions.
Langmuir 13:432-434, (1997).

[55] Li X, Wang J, Wang J Effects of mixed anionic-cationic surfactants and alcohol on
solubilization of water-in-oil microemulsions. J DispersSciTechnol 20:993-1007,(1999).

[56] Li HH, Imai Y, Yamanaka M, Hayami Y, Takiue T, Matsubara H, Aratono M Specific
counterion effect on the adsorbed film of cationic surfactant mixtures at the air/water interface.
J Colloid Interface Sci 395:189-193, (2011).

[57] Wydro P, Paluch M Surface properties of cationic-nonionic mixed surfactant systems.
Colloids Surf A 245:75-79, (2004).

[58] Goloub TP, Pugh RJ, Zhmud BV Micellar interactions in nonionic/ionic mixed surfactant
systems. J Colloid Interface Sci 229:72-81, (2000).

[59] Li F, Li G, Chen J Synergism in mixed zwitterionic- anionic surfactant solutions and the
aggregation numbers of the mixed micelles. Colloids Surf A 145:167-174, (1998).

[60] Sohrabi B, Gharibi H, Tajik B, Javadian S, Hashemianzadeh M Molecular interactions of
cationic and anionic surfactants in mixed monolayers and aggregates. J Phys Chem B
112:14869-14876, (2008).

[61] Yu Z, Zhao G Micellar compositions in mixed surfactant solutions. J Colloid Interface Sci
156:325-328, (1993).

[62] So"derman O, Herrington KL, Kaler EW, Miller DD Transition from micelles to vesicles
in aqueous mixtures of anionic and cationic surfactants. Langmuir 13:5531-5538, (1997).
[63] Bera A, Ojha K, Mandal A Synergistic effect of mixed surfactant systems on foam
behavior and surface tension. J SurfactDeterg 4:621-630, (2013).

49



[64] Helbig C, Baldauf H, Mahnke J, Sto"ckelhuber KW, Schulze HJ Investigation of
langmuirmono films and flotation experiments with anionic/cationic collector mixtures. Int J
Miner Process 53:135-144, (1998).

[65] Upadhyaya A, Acosta EJ, Scamehorn JF, Sabatini DA Adsorption of anionic-cationic
surfactant mixtures on metal oxide surfaces. J SurfactDeterg 10:269-277, (2007).

[66] Chen, J. L., Lin, Y. S., Hung, C. C., and Chen, E. M., Temperature Dependence of Critical
Micelle Concentration of PolyoxyethylenatedNonionic Surfactant, Colloids Surface, Vol. 135,
No. 1-3, p. 175-181, (1997).

[67] Noll, L. A., The Effect of Temperature, Salinity, and Alcohol on the Critical Micelle
Concentration of Surfactants, SPE International Symposium on Qilfield Chemistry held in
Anaheim, California, February 20-22, (1991).

[68] Maeda, H., Muroi, S., and Kakehashi, R., Effects of lonic Strength on the Critical Micelle
Concentration and the Surface Excess of Dodecyldimethylamine Oxide, The Journal of
Physical Chemistry B, Vol. 101, No. 38, p. 7378-7382, (1997).

[69] Parak, M., Mohammadian, E., Gholamzadeh, M. A., and Junin, R., Micellization and
Synergistic Effect in an Aqueous Solution of an AOS-TX100 Mixture: Before and After
Equilibrium in the Presence of Clay, Journal of Petroleum Science and Technology, Vol. 33,
No. 9, p. 961-967, (2015).

[70] Sammalkorpi, M., Karttunen, M., and Haataja, M., lonic Surfactant Aggregates in Saline
Solutions: Sodium Dodecyl Sulfate (SDS) in the Presence of Excess Sodium Chloride (NaCl)
or Calcium Chloride (CaCl2), The Journal of Physical Chemistry B, Vol. 113, No. 1, p. 5863—
5870, (2009).

[71] Karnanda, W., Benzagouta, M. S., AlQuraishi, A., and Amro, M. M., Effect of
Temperature, Pressure, Salinity, and Surfactant Concentration on IFT for Surfactant Flooding
Optimization, Arabian Journal of Geosciences, Vol. 6, No. 9, p. 3535-3544, (2013).

[72] Khanamiri, H. H., Enge, I. B., Nourani, M., Stensen, J. A., Torsater, O., and Hadia, N.,
EOR by Low Salinity Water and Surfactant at Low Concentration: Impact of Injection and In
Situ Brine Composition, Energy Fuels, VVol. 30, No. 4, p. 2705-2713, (2016).

[73] Javadian, S., Gharibi, H., Bromand, Z., and Sohrabi, B., Electrolyte Effect on Mixed
Micelle and Interfacial Properties of Binary Mixtures of Cationic and Nonionic Surfactants,
Journal of Colloid and Interface Science, VVol. 318, No. 2, p. 449456, (2008).

[74] Miyagishi, S., Okada, K., and Asakawa, T., Salt Effect on Critical Micelle Concentrations
of Nonionic Surfactants, N-Acyl-N-methylglucamides (MEGA-n), Journal of Colloid and
Interface Science, Vol. 238, No. 1, p. 91-95, (2001).

50



[75] Irzigat, | and Takrori F. Effect of Temperature and Added Salts on the Critical Micelle
Concentration (CMC) of Sodium Dodecyl Benzene Sulfonate Solutions. M.Sc. Thesis, Hebron
University, (2018).

[76] Owiwe, M. T., Ayyad, A. H., &Takrori, F. M. Surface tension of the oppositely charged
sodium poly(styrene sulfonate)/benzyldimethylhexadecylammonium chloride and sodium
poly(styrene sulfonate)/polyallylamine hydrochloride mixtures. Colloid and Polymer
Science.(2020).

[77] Nazrul Islam, M., Sharker, K. K., &Sarker, K. C. (2015). Salt-Induced Modulation of the
Kraff Temperature and Critical Micelle Concentrationof Benzyldimethylhexadecylammonium
Chloride. Journal of Surfactants and Detergents, 18(4), 651-659.

[78] Rosen, M. J.; Hua, X. Y. J. Colloid Interface Sci. 86, 164,(1982).

[79] Rosen, M. J.; Hua, X. Y. J. Colloid Interface Sci. 90, 212,(1982).

[80] Rosen, M. J.; Hua, X. Y. J. Am. Oil. Chem. Soc. 59, 582, (1982).

[81] Rosen, M. J.; Zhu, B. Y. J. Colloid Interface Sci. 99, 427,(1984).

[82] Rosen, M. J. Langmuir 7, 885,(1991).

[83] Rosen, M. J. Prog. Colloid Pollym. Sci95, 39,(1994).

[84]Rubingh, D. N. In Solution Chemistry of Surfactants; Mittal, K. L., Ed.; Plenum: New
York,Vol 1, p 354 (1979).

[85] Holland, P. M. In Phenomena in Mixed Surfactant Systems; Scamehorn, J. F., Ed.; ACS
Symposium Series 301, p 102,(1986).

51



¥ (MJ/m?)

¥ (mJ/m?)

Appendix
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16-BAC with 0.0241 gm SDBS and 0.1M NacCl

Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | Molarity of
AT50C |AT40C | 30C 20C AT 10 C | BAC(mM)
28.11 28.05 28.55 28.89 29.77 0.00366
28.46 27.94 28.71 29.18 29.79 0.00732
28.41 27.7 28.46 29.09 29.98 0.01464
28.76 27.83 28.69 29.3 30.11 0.02929
28.94 28.44 28.92 29.61 30.82 0.05859
31.55 29.66 32.39 32.98 33.89 0.11719
35.36 31.98 35.8 37.34 37.91 0.23437
25.66 26.59 27.79 29.17 30.75 0.46875
25.89 26.28 27.61 28.9 29.35 0.9375
26.22 27.21 28.9 29.6 30.12 1.875
27.52 27.18 28.62 29.69 30.98 3.75
29.12 29.5 29.72 29.9 30.97 7.5
16-BAC with 0.1M NaCL
Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | Molarity of
AT50C | AT40C |30C 20C AT 10 C | BAC(mM)
52.55 52.74 63.36 69.74 72.17 9.15E-04
47.27 49.78 55.39 64.15 71.43 0.00183
43.46 44.78 46.18 49.38 53.26 0.00366
38.23 38.83 39.54 40.2 41.23 0.00732
34.48 35.21 36.32 37.81 37 0.01464
34.75 35.45 34.86 35.4 36.1 0.02929
34.92 35.25 34.36 34.94 35.52 0.05859
34.18 35.13 34.23 34.71 35.42 0.11719
34.38 34.68 34 34.45 35.18 0.23437
34.19 34.64 34.1 34.54 35.2 0.46875
34.11 34.74 33.45 33.07 34.55 0.9375
34.33 34.61 33.78 33.96 354 1.875
34.24 34.45 33.67 34.2 35.08 3.75
34.15 34.4 33.78 34.1 35.14 7.5

54




BAC with 0.2 M NaCl

Molarity
Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | of
AT50C | AT40C |30C 20C AT 10 C | BAC(mM)
50.24 50.76 50.83 54.59 60.74 9.15E-04
46.7 47.34 49.6 53.72 58.26 0.00183
40.51 42.38 43.53 47.49 50.53 0.00366
35.14 34.8 37.1 38.15 38.01 0.00732
33.92 34.24 34.98 35.65 36.05 0.01464
33.65 34.48 34.69 35.05 36.19 0.02929
33.98 34.36 34.56 35.03 36.08 0.05859
33.75 34.18 34.55 34.82 35.88 0.11719
33.37 34.14 34.36 35.02 35.87 0.23437
33.78 34.39 34.35 35.04 35.8 0.46875
33.52 34.2 34.39 34.98 35.89 0.9375
33.57 33.93 34.34 35 35.8 1.875
33.54 33.64 34.72 34.68 35.86 3.75
33.61 34.1 34.17 35.22 35.9 7.5
BAC with 0.3 M NaCl
Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | Molarity of
AT50C | AT40C | 30C 20C AT 10 C | BAC(mM)
47.7 50 61.92 67.73 74.18 9.15E-04
42.48 42.09 40.4 43.38 52.11 0.00183
36.39 35.42 36.83 40.18 49.99 0.00366
34.15 34.19 36.52 37.57 37.72 0.00732
33.97 33.99 34.68 35.72 36.29 0.01464
34.05 33.97 34.7 34.87 36.14 0.02929
33.31 33.93 34.16 34.85 35.86 0.05859
33.35 34.07 34.35 34.98 35.63 0.11719
33.67 34.23 34.31 34.95 35.75 0.23437
33.83 34.27 34.39 34.78 35.77 0.46875
33.84 33.97 34.4 35 35.62 0.9375
33.9 34 33.9 34.65 35.56 1.875
33.95 34.56 34.14 34.66 35.3 3.75
33.74 34.61 33.89 34 34.95 7.5
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BAC with 0.1 M CaCl2

Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | Molarity of
AT50C | AT40C |30C 20C AT 10 C | BAC(mM)
45.23 46.48 48.76 55.17 60.07 9.15E-04
44.26 43.74 45.1 44.13 48.53 0.00183
38.62 38.72 40.32 38.66 44.65 0.00366
34.05 33.29 35.73 354 35.25 0.00732
34.16 33.1 34.09 34.69 34.94 0.01464
32.79 33.1 34.08 34.64 34.95 0.02929
32.68 33.4 33.89 34.51 35.03 0.05859
32.76 33.03 34.14 34.62 34.95 0.11719
32.05 32.92 34.07 34.54 35.15 0.23437
32.71 33.03 33.9 34.39 35.04 0.46875
32.42 32.46 34 34.38 35.13 0.9375
32.72 33.23 33.7 34.3 34.95 1.875
32.59 32.92 33.69 34.25 34.82 3.75
32.31 32.8 33.74 34.31 35.23 7.5
BAC with 0.3 M CaCl2
Molarity
Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | of
AT50C | AT40C |30 C 20 C AT 10 C | BAC(mM)
52.83 56.93 46.6 514 55.01 9.15E-04
51.05 52.52 44.63 44.13 51.63 0.00183
39.03 49.67 36.98 40.54 49.3 0.00366
36.09 36.78 34.05 34.88 40.76 0.00732
34.43 34.32 33.82 34.57 40.4 0.01464
33.64 34.39 33.71 34.47 40.09 0.02929
32.85 34.52 33.78 34.38 39.38 0.05859
33.15 34.43 33.85 34.2 36.55 0.11719
32.71 34.5 33.81 34.76 36.07 0.23437
32.7 34.44 33.85 34.46 36.56 0.46875
32.79 34.39 34 34.49 36.42 0.9375
32.79 34.18 33.88 34.29 35.64 1.875
32.76 34.3 33.89 34.32 35.69 3.75
32.72 34.3 34.03 34.57 35.77 7.5
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BAC with 0.0241 gm SDBS

Molarity
Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | of
AT50C | AT40C |30C 20C AT 10 C | BAC(mM)
35.13 33.47 34.9 35.69 36.5 0.00366
44.45 41.07 41.25 44,73 42.14 0.00732
43.03 41.91 41.8 42.78 44.45 0.01464
44,54 42.15 43.38 45.54 44,72 0.02929
46.37 43.51 45.23 47.05 46.7 0.05859
44,72 35.92 40.87 49.04 49.29 0.11719
38.57 36.97 38.17 52.45 57.02 0.23437
26.62 27.17 27.88 53.88 58.32 0.46875
26.22 27.9 29.2 35.25 36.99 0.9375
28.43 28.35 29.9 31.19 35.85 1.875
29.6 29.56 30.6 31.53 33.13 3.75
31.25 31.13 30.3 32.23 33.9 7.5
BAC with 0.0672 SDBS
Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | Molarity of
AT50C |AT40C |30C 20C AT 10 C | BAC(mM)
33.99 31.52 33.87 34.38 35.7 0.00366
33.74 33.6 34.53 34.95 35.59 0.00732
32.86 32.92 34.82 35.12 35.52 0.01464
32.84 32.66 34.64 35.01 35.45 0.02929
34.15 33.82 36.05 36.12 36.34 0.05859
35.19 33.13 36.43 37.64 38.1 0.11719
34.6 32.63 36.75 38.97 39.35 0.23437
39.18 35.32 40.86 43.25 44.36 0.46875
27.84 28.83 30.2 32.98 51.97 0.9375
27.2 28.61 29.13 29.91 28.53 1.875
27.05 28.16 29.14 29.9 29.07 3.75
27.29 27.64 29.02 29.97 30.75 7.5
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BAC without addition

Y(Mn/m)
AT 50 C

Y(Mn/m)
AT 40C

Y(Mn/m)AT
30C

Y(Mn/m)AT

20C

Y(Mn/m)
AT 10C

of

Molarity

BAC(mM)

64.41

66.55

70.67

72.11

73.9

0.00732

63.1

66.38

69.99

71.68

72.75

0.01464

60.27

61.49

67.91

68.59

69.35

0.02929

54.78

57.78

63.12

63.29

64.71

0.05859

48.9

50.54

56.78

56.66

57

0.11719

44.78

44.22

46.8

47.07

47.69

0.23437

37.52

37.84

40.16

42.22

42.42

0.46875

39.3

39.49

40.44

40.88

41.6

0.9375

38.84

38.84

39.82

40.39

40.88

1.875

37.5

38.49

39.09

39.42

39.96

3.75

37.24

37.3

38.1

38.46

38.99

7.5

BAC with 0.139 gm SDBS

Y(Mn/m)
AT40C

30C

Y(Mn/m)AT

20C

Y(Mn/m)AT

Y(Mn/m)
AT 10 C

Molarity of
BAC(mM)

31.75

32.82

34.91

35.72

9.15E-04

35.04

34.92

35

35.46

0.00183

35.42

35.35

35.32

35.57

0.00366

35.42

35.41

35.61

35.68

0.00732

35.37

35.35

35.66

35.72

0.01464

35.5

35.34

35.34

35.78

0.02929

35.48

35.16

35.64

36.06

0.05859

35.89

35.42

35.71

36.08

0.11719

35.62

33.14

35.84

36.36

0.23437

36.35

32.04

35

37.12

0.46875

36.26

31.97

40.05

42.03

0.9375

43.84

42

43.23

46.76

1.875

28.22

28.33

28.76

29.1

3.75

28.32

28.56

29.19

29.32

7.5
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BAC WITH 0.2MCacCl2

Molarity

Y(Mn/m) | Y(Mn/m) | Y(Mn/m)AT | Y(Mn/m)AT | Y(Mn/m) | of
AT50C |AT40C |30C 20C AT 10 C | BAC(mM)
49.82 51.83 45,91 46.76 48.78 9.15E-04
45.16 46.91 45.94 46.2 45.35 0.00183
34.9 41.26 39.1 41.21 42.61 0.00366
33.3 34.82 34.61 36.71 36.61 0.00732
33.44 35.02 33.86 34.62 36.13 0.01464
33.54 35.01 33.82 34.61 36.56 0.02929
33.31 34.71 33.72 34.51 36.38 0.05859
33.56 34.82 33.77 34.57 36.67 0.11719
33.21 34.72 33.62 34.4 36.39 0.23437
32.85 34.62 33.61 34.58 36.26 0.46875
32.82 34.52 33.45 34.66 36.03 0.9375
32.86 34.98 33.6 34.64 35.88 1.875
32.9 34.35 33.59 34.51 35.94 3.75
32.89 34.27 33.54 34.55 35.67 7.5
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